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Preface, Third Edition

We are delighted to deliver to the scientific community the third edition of Molecular Diagnostics, perhaps the most
successful textbook in the field of molecular genetic testing, almost 12 years from its first appearance in the scientific
literature.

In 2003, just 2 years after the publication of the first draft of the Human Genome sequence, we proposed to edit a
textbook exclusively devoted to the description of molecular techniques used to identify the underlying genetic hetero-
geneity leading to inherited disorders. The first edition of Molecular Diagnostics was published in April 2005, followed by
the second edition in October 2009. This textbook has been available to the scientific community for over 10 years now,
and it is clearly considered to be the key reference in the field, judging from the following: (1) the large number of copies
sold worldwide; (2) the various postgraduate and specialist training courses on Molecular Diagnostics that have been used
as syllabus and course material; (3) the adoption from universities as the textbook for related undergraduate courses and
curricula, which also led to its translation in 2008; and (4) the various positive reviews obtained not only from external
reviewers in scientific journals and elsewhere but also from fellow academics and students.

This has prompted Elsevier/Academic Press to request the compilation of a third edition, justified not only from
technological advances, particularly in high-throughput methods, but also from the intellectual revolution in biomedical
sciences. In this third edition we decided to keep the original structure of the previous two editions, since this was one of its
main innovative aspects, but we opted to expand the editorial team. We also decided to reshuffle the table of contents
completely, providing a succinct outline and a historical perspective of the low-throughput methods that set a solid basis
for the recent discoveries of the high-throughput methods together with a detailed overview of modern high-throughput
methodologies, such as next-generation sequencing and microarray-based methods, along with examples of their appli-
cations in a modern molecular genetic testing laboratory.

The contents of this book are divided into three parts. The first part is dedicated to the battery of the most modern
molecular biology techniques and a historical perspective of the low-throughput methods. In order to keep pace with recent
developments, the majority of the chapters from the previous editions have been either merged into a few chapters or
omitted altogether, while being mentioned and fully referenced in the updated chapters. A large number of chapters
pertaining to high-throughput molecular diagnostic approaches, for example, microarrays, next-generation sequencing,
mass spectrometry, next-generation sequencing cytogenomics, etc., have been included. The remaining chapters from the
previous editions have been comprehensively updated to include not only technology innovations but also novel diagnostic
applications. This resulted in the book being completely revamped with over half of its content being new compilations.

The second part attempts to integrate previously analyzed technology with different aspects of molecular diagnostics,
such as pharmacogenomics, molecular forensics and victim identification in mass disasters, and preimplantation genetic
diagnosis, while new emerging disciplines, such as nutrigenomics, genome informatics, and genomic databases, have been
included. Finally, various everyday issues in a diagnostic laboratory, from genetic counseling to related ethical and
psychological issues to safety and quality management, are discussed in the third and final part of the book. As with the
previous two editions, we feel that the inclusion of the latter issues in this reference book has great relevance to our society.

As with the previous two editions, our effort has been assisted by many internationally renowned experts in their fields
from five continents who kindly accepted our invitation to compile the 29 chapters of this book and share with us and our
readers their expertise, experience, and results. In addition, we made an effort to formulate the book contents such that the
notions described are explained in a simple language and terminology for the book to be useful not only to experienced
physicians, healthcare specialists, and academics but also to undergraduate medical and life science students. The
numerous self-explanatory illustrations and glossary clearly contribute to this end. Last, but not least, we provided the
means to resolve the previously reported deficiencies in variant nomenclature by including a chapter on the official gene
and genetic variation nomenclature at the very beginning of the textbook.

xvii



We are grateful to those colleagues who provided constructive comments and criticisms on the previous two editions
and identified deficiencies that have been, hopefully, rectified in this third edition. However, we expect that some points in
this book can still be further improved. Therefore we would again welcome comments and criticism from attentive readers,
which will contribute to improving the contents of this book even further in its future editions. We are also grateful to the
editors, Drs. Tari Broderick, Jeffrey Rossetti, and Tracy Tufaga at Elsevier, who helped us in close collaboration to
overcome encountered difficulties. We also express our gratitude to all of the contributors for delivering outstanding
compilations that summarize their experience and many years of hard work in their fields of research. We are indebted to
Greg Harris, who was responsible for the design and the cover of this book, and to the production project managers Kirsty
Halterman and Karen East, who have refined the final manuscript prior to going into production. We owe our thanks to the
academic reviewers for their constructive criticisms on the chapters and their positive evaluation of our proposal for this
third edition.

Last, but not least, we wish to cordially thank our families, from whom we have taken a considerable amount of time to
devote to this project, for their patience and continuous support over the years.

Editor-in-Chief
George P. Patrinos

Department of Pharmacy, Faculty of Health Sciences
University of Patras, Patras, Greece

Associate Editors
Wilhelm J. Ansorge

École Polytechnique Fédérale de Lausanne, Lausanne, Switzerland
Phillip B. Danielson

Department of Biological Sciences, University of Denver
Denver, CO, United States of America
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Chapter 1

Molecular Diagnostics: Past, Present,
and Future

G.P. Patrinos1, P.B. Danielson2,3 and W.J. Ansorge4

1University of Patras School of Health Sciences, Patras, Greece; 2University of Denver, Denver, CO, United States; 3Center for Forensic Science

Research and Education, Willow Grove, PA, United States; 4Ecole Polytechnique Federal Lausanne, EPFL, Lausanne, Switzerland

1.1 INTRODUCTION

Molecular (or nucleic acid-based) diagnosis of human
disorders is referred to as the detection of genomic variants
that are pathogenic and/or benign in DNA and/or RNA
samples in order to facilitate detection, diagnosis, sub-
classification, prognosis, and monitoring response to ther-
apy. Molecular diagnostics combines laboratory medicine
with the knowledge and technology of molecular genetics
and has been enormously revolutionized over the last de-
cades, benefiting from discoveries in the fields of molecular
biology and genomic technologies (Table 1.1). The iden-
tification and fine characterization of the genetic basis of
inherited diseases is vital for the accurate provision of
diagnosis. Gene discovery, via high-throughput methods,
such as next-generation sequencing or genome-wide asso-
ciation studies, provides invaluable insights into the
mechanisms of disease, and genomic markers allow phy-
sicians to not only assess disease predisposition but also to
design and implement accurate diagnostic methods. The
latter is of great importance, as the plethora and variety of
molecular defects demands the use of multiple rather than a
single variant detection platform. Molecular diagnostics has
gradually become a clinical reality with its roots deep into
the basic science of gene expression and gene function.

1.2 HISTORY OF MOLECULAR
DIAGNOSTICS: INVENTING THE WHEEL

In 1949, Pauling and his coworkers introduced the term
molecular disease in the medical vocabulary, based on their
discovery that a single amino acid change at the b-globin
chain leads to sickle cell anemia, characterized mainly by

recurrent episodes of acute pain due to vessel occlusion. In
principle, their findings set the foundations of molecular
diagnostics, although the big revolution occurred many
years later. At that time, when molecular biology was only
hectically expanding, the provision of molecular diagnostic
services was inconceivable and technically not feasible.
The first seeds of molecular diagnostics were provided in
the early days of recombinant DNA technology, with many
scientists from various disciplines working in concert.
cDNA cloning and sequencing were at that time invaluable
tools for providing basic knowledge on the primary
sequence of various genes. The latter provided a number of
DNA probes, allowing for analysis via southern blotting
of genomic regions, leading to the concept and application
of restriction fragment length polymorphism (RFLP) to
track a variant allele from heterozygous parents to a high-
risk pregnancy. In 1976, Kan and coworkers carried out,
for the first time, prenatal diagnosis of a-thalassemia, using
hybridization on DNA isolated from fetal fibroblasts. Also,
Kan and Dozy (1978), implemented RFLP analysis to
pinpoint sickle cell alleles of African descent. This break-
through provided the means of establishing similar diag-
nostic approaches for the characterization of other genetic
diseases, such as phenylketonurea (Woo et al., 1983), cystic
fibrosis (Farrall et al., 1986), and so on.

At that time, however, a significant technical bottleneck
had to be overcome. The identification of the pathogenic
variant was possible only through the construction of a
genomic DNA library from the affected individual, in order
to first clone the variant allele and then determine its
nucleotide sequence. Again, many human globin gene
mutations were among the first to be identified through
such approaches (Busslinger et al., 1981; Treisman et al.,
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1983). In 1982, Orkin and his coworkers showed that a
number of sequence variations were linked to specific
pathogenic HBB gene variants. These groups of RFLPs,
termed haplotypes (both intergenic and intragenic), have
provided a first-screening approach in order to detect a
disease-causing variant. Although this approach enabled
researchers to predict which HBB allele was pathogenic,
significantly facilitating mutation screening, no one was in
the position to determine the exact nature of the disease-
causing mutation, as many different HBB gene variants
were linked to a specific haplotype in different populations
(further information is available at http://globin.bx.psu.edu/
hbvar; Patrinos et al., 2004; Giardine et al., 2014).

At the same time, in order to provide a shortcut to DNA
sequencing, a number of exploratory methods for pin-
pointing pathogenic variants in patients’ DNA were

developed, setting the basis for variant screening and
scanning methods. The first methods involved mismatch
detection in DNA/DNA or RNA/DNA heteroduplexes
(Myers et al., 1985a,b) or differentiation of mismatched
DNA heteroduplexes using gel electrophoresis, according
to their melting profile (Myers et al., 1987). Using this
laborious and time-consuming approach, a number of
variant sequence alleles have been identified, which made
possible the design of short synthetic oligonucleotides that
were used as allele-specific probes onto genomic Southern
blots. This experimental design was quickly implemented
for the detection of b-thalassemia mutations (Orkin et al.,
1983; Pirastu et al., 1983).

Despite intense efforts from different laboratories
worldwide, the diagnosis of inherited diseases on the DNA
level was still underdeveloped and therefore still not ready

TABLE 1.1 Timeline of the Principal Discoveries in the Field of Molecular Biology, Which Influenced the

Development of Molecular Diagnostics

Date Discovery

1949 Characterization of sickle cell anemia as a molecular disease

1953 Discovery of the DNA double helix

1958 Isolation of DNA polymerases

1960 First hybridization techniques

1969 In situ hybridization

1970 Discovery of restriction enzymes and reverse transcriptase

1975 Southern blotting

1977 DNA sequencing

1983 First synthesis of oligonucleotides

1985 Restriction fragment length polymorphism analysis

1985 Invention of the polymerase chain reaction

1986 Development of fluorescent in situ hybridization

1988 Discovery of the thermostable DNA polymerasedoptimization of the polymerase chain reaction

1992 Conception of the real-time polymerase chain reaction

1993 Discovery of structure-specific endonucleases for cleavage assays

1996 First application of DNA microarrays

2001 First draft versions of the human genome sequence

2001 Application of protein profiling in human diseases

2002 Launch of the HapMap project

2005 Introduction of high-throughput next-generation sequencing technology

2008 Launch of the 1000 Genomes Project

2013 Introduction of the CRISPR system for gene editing

2014 Announcement of the sequencing of the human genome for $1000

2015 Launch of the Precision Medicine Initiative by US President Barack Obama

2 Molecular Diagnostics
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to be implemented in clinical laboratories for routine
analysis of patients due to the complexities, costs, and time
requirements of the technology available. It was only after a
few years that molecular diagnosis entered its golden era
with the discovery of the most powerful molecular biology
tool since cloning and sequencing, the polymerase chain
reaction (PCR).

1.3 THE POST-POLYMERASE CHAIN
REACTION REVOLUTION

The discovery of PCR (Saiki et al., 1985; Mullis and
Faloona, 1987) and its quick optimization, using a ther-
mostable Taq DNA polymerase from Thermus aquaticus
(Saiki et al., 1988), has greatly facilitated and in principle
revolutionized molecular diagnostics. The most powerful
feature of PCR is the large amount of copies of the target
sequence generated by its exponential amplification, which
allows the identification of a known mutation within a
single day, rather than months. Also, PCR has markedly
decreased or even diminished the use of radioactivity for
routine molecular diagnosis. This has allowed molecular
diagnostics to enter the clinical laboratory for the provision
of genetic services, such as carrier or population genetic
screening, prenatal diagnosis of inherited diseases, or, in
recent years, the identification of unknown variants, in
close collaboration with research laboratories. Therefore by
being moved to their proper environment, the clinical lab-
oratory, molecular diagnostics could provide the services
for which they have been initially conceived.

The discovery of PCR also has provided the founda-
tions for the design and development of many variant
detection schemes, based on amplified DNA. In general,
PCR is either used for the generation of DNA fragments to
be analyzed or is part of the detection method. The first
attempt was the use of restriction enzymes (Saiki et al.,
1985) or oligonucleotide probes, immobilized onto mem-
branes or in solution (Saiki et al., 1986), in order to detect
the existing genetic variation, in particular the sickle cell
disease-causing mutation. In the following years, an even
larger number of variant detection approaches have been
developed and implemented (see also Chapter 3). These
techniques can be divided roughly into three categories,
depending on the basis for discriminating the allelic
variants:

1. Enzymatic-based methods. RFLP analysis was histori-
cally the first widely used approach, exploiting the al-
terations in restriction enzyme sites, leading to the
gain or loss of restriction events (Saiki et al., 1985).
Subsequently, a number of enzymatic approaches for
variant allele detection have been conceived, based
on the dependence of a secondary structure on the pri-
mary DNA sequence. These methods exploit the

activity of resolvase enzymes T4 endonuclease VII
and T7 endonuclease I to digest heteroduplex DNA
formed by annealing wild type and mutant DNA
(Mashal et al., 1995). Digestion fragments indicate
the presence and the position of any variants. A vari-
ation of the theme involves the use of chemical agents
for the same purpose (Saleeba et al., 1992). Another
enzymatic approach for variant detection is the oligo-
nucleotide ligation assay (Landegren et al., 1988;
Chapter 3); ligation was also one of the main princi-
ples of one of the most widely used next-generation
sequencing approaches (see also Chapter 8).

2. Electrophoretic-based techniques. This category is
characterized by a plethora of different approaches
designed for the screening of known or unknown muta-
tions, based on the different electrophoretic mobility of
the mutant alleles, under denaturing or nondenaturing
conditions. Single-strand conformation polymorphism
(SSCP) and heteroduplex analyses (HDA; Orita et al.,
1989; see Chapter 3) were among the first methods
designed to detect molecular defects in genomic loci.
In combination with capillary electrophoresis, SSCP
and HDA analysis now provide an excellent, simple,
and rapid variant detection platform with low operation
costs and, most interestingly, the potential of easily be-
ing automated, thus allowing for high-throughput anal-
ysis of patients’ DNA. Similarly, denaturing gradient
gel electrophoresis (DGGE) and temperature gradient
gel electrophoresis can be used equally well for variant
allele detection (see Chapter 3). In this case, electropho-
retic mobility differences between a wild type and
variant allele can be “visualized” in a gradient of dena-
turing agents, such as urea and formamide, or of
increasing temperature. A less common variant detec-
tion technique is two-dimensional gene scanning, based
on two-dimensional electrophoretic separation of ampli-
fied DNA fragments, according to their size and base
pair sequence. The latter involves DGGE, following
the size separation step.

3. Solid phase-based techniques. This set of techniques
consists of the basis for most of the present-day muta-
tion detection technologies, since they have the extra
advantage of being easily automated and hence are
highly recommended for high-throughput mutation
detection or screening. A fast, accurate, and convenient
method for the detection of known mutations is reverse
dot-blot, initially developed by Saiki et al. (1989) and
implemented for the detection of HBB gene variants
leading to b-thalassemia. The essence of this method
is the utilization of oligonucleotides, bound to a mem-
brane, as hybridization targets for amplified DNA.
Some of this technique’s advantages are that one mem-
brane strip can be used to detect many different known
mutations in a single individual (a one strip-one patient
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type of assay), the potential of automation, and the ease
of interpretation of the results, using a classical avidin-
biotin system. However, this technique cannot be used
for the detection of unknown mutations. Continuous
development has given rise to allele-specific hybridiza-
tion of amplified DNA [PCR-ASO (Allele Specific
Oligonucleotide), Chapter 3] on filters, recently
extended to DNA oligonucleotide microarrays (see
Chapter 18) for high-throughput mutation analysis
(Gemignani et al., 2002; Cremonesi et al., 2007). In
particular, oligonucleotides of known sequence are
immobilized onto appropriate surfaces, and hybridiza-
tion of the targets to the microarray is detected, mostly
using fluorescent dyes.

The choice of the variant detection method is dependent
upon a number of variables, including the variation spec-
trum of a given inherited disorder, the available infra-
structure, the number of tests performed in the diagnostic
laboratory, and issues of intellectual properties (see also
Section 1.5.1). Most of the clinical diagnostic laboratories
have not invested in expensive high-technology in-
frastructures, since the test volumes (the number of tests)
expected to be performed have not been large enough to
justify the capital investment. Therefore simple “home-
brew”screening tests such as SSCP and HDA were and
still are the methods of choice for many clinical labora-
tories, as they allow for rapid and simultaneous detection of
different sequence variations at a detection rate of close to
100%. Although DNA amplification has significantly
facilitated the expansion of molecular diagnostics, it
nonetheless has a number of limitations, such as amplifi-
cation of cytidine-guanine repeat-rich regions, the error-
prone features of Taq polymerase (at a range of 10�4 to
10�5 per nucleotide), and so on. Finally, it is noteworthy
that despite the wealth of variant detection methodologies,
DNA sequencing, particularly in the era of whole genome
sequencing and the breakthroughs in next-generation
sequencing technology, is considered the golden standard
and the definitive experimental procedure for variant call-
ing. However, the costs for the initial investment and the
difficulties for standardization and interpretation of
ambiguous results have restricted its use especially to basic
research laboratories.

1.4 MOLECULAR DIAGNOSTICS IN THE
POST-GENOMIC ERA

In February 2001, with the announcement of the first draft
sequence of the human genome (International Human
Genome Sequencing Consortium, 2001; Venter et al.,
2001) and subsequently with the genomic sequence of
other organisms, molecular biology has entered into a new
era with unprecedented opportunities and challenges. These
tremendous developments put pressure on a variety of

disciplines to intensify their research efforts to improve by
orders of magnitude the existing methods for genomic
variant detection, to make available data sets with genomic
variation and analyze these sets using specialized software,
to standardize and commercialize genetic tests for routine
diagnosis, and to improve the existing technology in order
to provide state-of-the-art automated devices for high-
throughput genetic analysis.

The biggest challenge, following the publication of the
human genome draft sequence, was to improve the existing
variant detection technologies to achieve robust, cost-
effective, rapid, and high-throughput analysis of genomic
variation. Also, the increased pace of novel variant detec-
tion and gene discovery dictated the harmonization of gene
nomenclature, an effort that was spearheaded by the Human
Genome Variation Society (http://www.hgvs.org; see also
Chapter 2). Since 2005, genomic technology has improved
rapidly, and new high-throughput variant detection tech-
niques have become available, whereas old methodologies
have evolved to fit into the increasing demand for auto-
mated and high-throughput screening or were gradually
abandoned. The chromatographic detection of polymorphic
changes of pathogenic variants using denaturing high-
performance liquid chromatography (DHPLC; for review,
see Xiao and Oefner, 2001) is one of the new technologies
that emerged. DHPLC reveals the presence of a genetic
variation by the differential retention of homo- and het-
eroduplex DNA on reversed phase chromatography under
partial denaturation. Single-base substitutions, deletions,
and insertions can be detected successfully by ultraviolet or
fluorescence monitoring within 2 to 3 min in unpurified
PCR products as large as 1.5-kilo bases. These features,
together with its low cost, make DHPLC one of the most
powerful tools for mutational analysis. Also, pyrose-
quencing, a nongel-based genotyping technology, provides
a very reliable method and an attractive alternative to
DHPLC. Pyrosequencing detects de novo incorporation of
nucleotides based on the specific template. The incorpora-
tion process releases a pyrophosphate, which is converted
to ATP and followed by luciferase stimulation. The light
produced, detected by a charge couple device camera, is
“translated” to a pyrogram, from which the nucleotide
sequence can be deducted (Ronaghi et al., 1998). This
approach constituted the basis for the development of the
first next-generation sequencing approaches by 454 Life
Technologies (see also Chapter 8).

One of the major advances was the invention of the
real-time PCR and the numerous variations of this theme
(Holland et al., 1991; see Chapter 4). The method allows
for the direct detection of the PCR product during the
exponential (mid-log) phase of the reaction, therefore
combining amplification and detection in one single step.
The increased speed of real-time PCR is due largely to
reduced cycles, the removal of post-PCR detection
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procedures, and the use of fluorogenic labels and sensi-
tive methods of detecting their emissions. Therefore real-
time PCR is a very accurate and sensitive methodology
with a variety of applications in molecular diagnostics,
allows a high-throughput, and can easily be automated
and performed on very small volumes, which makes it
the method of choice for many modern diagnostic
laboratories.

Above all, the DNA microarray-based genotyping
approaches offer simultaneous analysis of many sequence
alterations (see Chapter 18). In particular, microarrays
consist of hundreds of thousands up to millions of oli-
gonucleotides attached on a solid surface in an ordered
array fashion. The DNA sample of interest is PCR-
amplified and then hybridized onto the microarray. Each
oligonucleotide in the high-density array acts as an allele-
specific probe, and therefore perfectly matched sequences
hybridize more efficiently to their corresponding oligo-
nucleotides on the array. The hybridization signals are
quantified by high-resolution fluorescent scanning and
analyzed by computer software, resulting in the identifi-
cation of the genotype in the corresponding places in the
genome. Therefore using a high-density microarray makes
possible the simultaneous detection of a great number of
DNA alterations, hence facilitating genome-wide
screening.

There has been a significant development of prote-
omics, which has the potential to become an indispensable
tool for molecular diagnostics. A useful repertoire of
proteomic technologies is available, with the potential to
undergo significant technological improvements, which
would be beneficial for increased sensitivity and
throughput while reducing the sample requirement (see
Chapter 13). The improvement of these technologies is a
significant advance toward the need for better disease di-
agnostics. The detection of disease-specific protein pro-
files goes back to the use of two-dimensional protein gels
(Hanash, 2000), when it was demonstrated that leukemias
could be classified into different subtypes based on the
different protein profile (Hanash et al., 2002). Nowadays,
mass spectrometers are able to resolve many protein and
peptide species in body fluids, being virtually set to
revolutionize protein-based disease diagnostics (see
Chapter 13). The robust and high-throughput nature of the
mass spectrometric instrumentation is unparalleled and
imminently suited for future clinical applications, as
elegantly demonstrated by many retrospective studies in
cancer patients (reviewed in Petricoin et al., 2002). Also,
high-throughput protein microarrays, constructed from
recombinant, purified, and yet functional proteins, allow
the miniaturized and parallel analysis of large numbers of
diagnostic markers in complex samples. The first pilot
studies on disease tissues, such as assessing protein
expression profiles in tissue derived from squamous cell

carcinomas of the oral cavity (Knezevic et al., 2001) or the
identification of proteins that induce an acute antibody
response in autoimmune disorders, using auto-antigen
arrays (Robinson et al., 2002), emerged in the early
2000s, indicating that proteomic pattern analysis ulti-
mately might be applied as a screening tool for cancer in
high-risk and general populations.

The development of state-of-the-art variant detection
platforms not only has a positive impact on molecular ge-
netic testing of inherited disorders but also provides tech-
nical means to other disciplines, such as to ascertain
genetically modified (GM) products, which may contami-
nate non-GM seeds, or food ingredients containing addi-
tives and flavorings that have been genetically modified or
have been produced from GM organisms, or the genotype
of an animal strain. Molecular genetic testing is also
applicable in the individualization of drug doses, also
known as pharmacogenomics (Chapter 16), referred to as
the delineation of interindividual genetic variability in
genes that are mainly involved in drug metabolism and
transport with drug efficacy and adverse effects. This
approach amalgamates technological expertise from high-
throughput omics approaches, such as genomics, tran-
scriptomics, and functional genomics, to define and predict
the nature of the response of an individual to a drug
treatment and to rationally design newer drugs or improve
existing ones (Squassina et al., 2010). The same can be also
applicable in the personalization of diet, in an emerging
discipline known as Nutrigenomics (Chapter 17). Ulti-
mately, the identified genomic sequence variants need to be
organized and stored in well-curated and specialized variant
databases, enabling a physician or researcher to query and
retrieve information relevant to diagnostic issues (see
Chapter 20).

Finally, DNA analysis and testing have also signifi-
cantly revolutionized the forensic sciences. Technical
advances in molecular biology and increasing knowledge
of the human genome have had a major impact on
forensic medicine (see Chapter 21). Genetic character-
ization of individuals at the DNA level enables identity
testing from a minimal amount of biological specimen,
such as hair, blood, semen, bone, and so forth, in cases of
sexual assault, homicide, and unknown human remains,
and paternity testing is also changing from the level of
gene products to the genomic level. DNA testing is by far
more advantageous over conventional forensic methods
and over the years has contributed to the acquittal of
falsely accused people (saving most of them even from
death row), the identification of individuals who
committed criminal acts (Cohen, 1995), and even helped
to specify identities of unknown human remains, such as
those from the victims at Ground Zero in New York or
from the skeletons of the Romanov family members (Gill
et al., 1994; see Chapter 22).
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1.5 FUTURE PERSPECTIVES: WHAT LIES
BEYOND

Molecular diagnostics stem back to the spring of 1953,
when the DNA double helix was first announced. Today,
molecular diagnostics embody a set of high-throughput
technological advances, which reveal the genotype in
thousands of genomic positions and the entire genome at a
very high accuracy and gradually decreasing costs. This
also leads to a better understanding of the basis of inherited
diseases, therefore allowing molecular diagnostics to play a
key role in patient or disease management. Presently, a
great number of samples are analyzed annually worldwide
in both public and private laboratories, and the number of
genetic tests available is steadily increased year by year,
making molecular diagnostic laboratories indispensable in
laboratory medicine. With the existing sequencing plat-
forms, newborns can be screened for a number of inherited
treatable diseases, while it is also possible that in the not-
so-distant future, children at high risk for coronary artery
disease will be identified and treated to prevent changes in
their vascular walls during adulthood. Similarly, parents
will have the option of being informed about their carrier
status for many recessive diseases before they decide to
start a family. Also, for middle-aged and older populations,
scientists will be able to determine risk profiles for various
late-onset diseases, preferably before the appearance of
symptoms, which at least could be partly prevented through
dietary (Chapter 17) or pharmaceutical interventions
(Chapter 16). In the near future, the preemptive genotyping
of genes involved in drug metabolism and transport will
help toward individualizing drug response and will become
indispensable in standard medical practice. Although the
majority of these issues are gradually becoming a reality,
some of them are still based on promises, though quite
optimistic ones. Thus some of the new perspectives of the
field could simply be a decade away.

1.5.1 Commercializing Molecular
Diagnostics

Currently, clinical molecular genetics is part of mainstream
health care worldwide with a molecular diagnostic unit or
department within each health care unit. Although the
notion of molecular diagnostics has increasingly gained
momentum, genetic tests are still not generally used for
population screening but rather for diagnosis, carrier
screening, and prenatal diagnosis and only on a limited
basis. The lack of cost-effectiveness analyses is one of the
reasons (Snyder et al., 2014). Therefore in order to make
molecular diagnostics widely available, several obstacles
and issues need to be taken into consideration and resolved.

The first important issue is the choice of the technology
and variant detection platform. Despite the fact that a

plethora of variant detection methods is available, “. the
best platform is the one that works best in your own
laboratory.” There is ample choice for genotyping, such as
filters, gels, microarrays, and microtiter plates, for
amplification-based technologies, for separation tech-
niques, such as blotting, capillary electrophoresis, micro-
arrays, and mass spectroscopy, and finally different means
for labeling, such as radioactive, fluorescent, chemilumi-
nescent, or enzymatic substances. The variety of detection
approaches makes it difficult to determine which one is
better suited for a laboratory setting. Generally speaking,
DNA sequencing, especially in the next-generation
sequencing era, is the golden standard for the identifica-
tion of, causative or benign, DNA sequence variations (see
also Chapter 9), but then again different issues have to be
addressed such as the sequencing coverage, the enrichment
methods, the genes to be analyzed, and so forth. The initial
investment costs and the expected test volume are some of
the factors that need to be taken into consideration prior to
choosing the detection technique. Related issues are the
costs of the adjacent hardware and software, testing re-
agents, and kits. The latter is of great importance, since
most of the diagnostic laboratories today are running
“home-brew” assaysdfor example, not using well-
standardized genetic testing kits due to cost barriers,
which brings to surface the issue of quality control of the
reagents (see Chapter 29) and safety (see Chapter 28).

Another very important issue is training the personnel
of a molecular diagnostic laboratory, reflected in the quality
and the correct interpretation of results. Continuous genetic
education of the personnel of the diagnostic laboratory is
crucial for the accuracy of the results provided, particularly
in recently emerged disciplines such as Pharmacogenomics
(Reydon et al., 2012; Kampourakis et al., 2014). Many
times, such as in the case of prenatal or preimplantation
diagnosis, irrevocable decisions need to be made, most of
the time based on a simple test result. As a result of
continuous training and proficiency testing schemes, there
has been a significant reduction of the number of incorrect
genotypes diagnosed (http://www.eurogentest.org). In the
United States, there is a voluntary biannual proficiency test
for molecular diagnostic laboratories, while in Europe, the
EuroGenTest European Network of Excellence (http://
www.eurogentest.org) has been founded to promote qual-
ity in molecular genetic testing through the provision of
external quality assessment (proficiency testing schemes)
and the organization of best practice meetings and publi-
cation of guidelines. It is generally true that many geneti-
cists and nongeneticist physicians would benefit from
continuous genetics education regarding the appropriate
use of molecular diagnostic tests, which is necessary to
evaluate the method preanalytically and to interpret results.

Legal considerations and ethical concerns are also
hurdles that need to be overcome. One issue is the
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reimbursement of diagnosis costs. At present, very few tests
are reimbursed by insurance companies, and the necessary
regulatory and legal framework is far from complete.
“Legalizing” molecular testing by the adoption of relevant
regulations would probably result in an increase in test
volumes, and at the same time it can pose an immense
barrier to uncontrolled genetic testing. Similarly, the need
to obtain informed consent from the patient to be analyzed
is also of great importance and should be encouraged and
facilitated by the diagnostic laboratory, particularly in the
case of incidental findings that arise from next-generation
sequencing approaches (Roche and Berg, 2015).

On the other hand, the issue of intellectual properties
hampers the wide commercialization of molecular di-
agnostics. Almost all the clinically relevant genes have
been patented, and the terms that the patent holders offer
vary considerably. Among the difficulties are the limiting
choice of variant detection platforms, the large loyalties for
reagent use, and the exclusive sublicenses that many
companies grant to clinical laboratories, leading to mo-
nopolies. Since one of the biggest challenges that the
clinical laboratory is facing is patent and regulatory
compliance, partnerships and collaborations may be
envisaged in order to take technology licenses to the
diagnostic laboratory that will subsequently develop, stan-
dardize, and distribute the assays. This will partly alleviate
some of the intellectual properties issues. Finally, the issue
of the medical genetics specialty is more urgent than ever.
In the United States, medical genetics has been formally
recognized as a medical specialty only within the past
15 years, and in Europe, medical genetics only recently has
been formally recognized as a specialty (http://www.eshg.
org). The implementation of this decision is still facing
substantial difficulties (http://www.eshg.org/
geneticseurope.htm), which will probably take years to
bypass. With the completion of the Human Genome Proj-
ect, genetics has become the driving force in medical
research and is now poised for integration into medical
practice. An increase in the medical genetics workforce,
including geneticists and genetic counselors, will be
necessary, while the same is true with the emergence of
new disciplines, such as genome informatics, needed for
genome results interpretation (Potamias et al., 2014; see
also Chapter 19). After all, the Human Genome Project has
made information of inestimable diagnostic and therapeutic
importance available, and the medical profession now has
the obligation to rise to both the opportunities and chal-
lenges that this wealth of genetic information presents.

1.5.2 Personalized Medicine

The term “personalized medicine” refers to the practice of
medicine where patients receive the most appropriate
medical treatment, fitting dosage, and combination of drugs

based on their genetic background. Some of the reasons for
many types of adverse drug reactions are already known
and are often related to polymorphic gene alleles of drug-
metabolizing enzymes (Squassina et al., 2010). The
application of high-throughput genotyping tools for the
identification and screening of single nucleotide poly-
morphisms can eventually lead to the determination of the
unique molecular signature of an individual in a relatively
short period of time, especially with the advent of whole
genome sequencing and its application in pharmacoge-
nomics (Mizzi et al., 2014; Katsila and Patrinos, 2015).

This way, individual drug responses can be predicted
from predetermined genetic variances correlated with a
drug effect. In other words, this will allow the physician to
provide the patient with a selective drug prescription (see
Chapter 16). Also, specialized information technology
systems will allow for translation of this information into a
clinically meaningful format, which clinicians will then use
to evaluate and adjust the drug dose to each patient, hence
allowing for a complete patient analysis and drug evalua-
tion, especially in a preemptive manner (Lakiotaki et al.,
2016). In addition to these efforts, there is a growing need
to incorporate this increasingly complex body of
knowledge to standard medical practice. Incorporating
pharmacogenomics-related courses into the standard cur-
riculum of medical schools can potentially ensure that the
forthcoming generation of clinicians and researchers will be
familiar with the latest developments in that field and will
be capable of providing patients with the expected benefits
of personalized medicine (Pisanu et al., 2014).

Similarly, nutrigenomics (or nutritional genomics) in-
vestigates the interactions between nutrition and an in-
dividual’s genome and the consequent downstream effects
on their phenotype with the aim to provide tailored nutri-
tional advice or develop specialist food products (see
Chapter 17). In other words, nutrigenomics recognizes that
a specific dietary advice that can be beneficial for one in-
dividual may be inappropriate, or actually harmful, to
another. Although comparable to pharmacogenomics,
nutrigenomics is still considered to be an emerging science,
contrary to pharmacogenomics that is considered to have
“come of age” (Pavlidis et al., 2015).

However, there are growing concerns on the ethical
aspects of personalized medicine. First of all, equality in
medical care needs to be ensured, when genetics foretell
clinicians which patients would be less likely to benefit
from a particular drug treatment. Second, it will become
increasingly vital to devise operational tools for the pre-
vention of stigmatization and discrimination of different
populations, in particular on ethnic grounds (van Ommen,
2002), and therefore every precaution should be taken to
eliminate all lingering prejudice and bias associated with
the study of human genetic variation. Other dilemmas
include the right to deny an available treatment to specific
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patient populations according to genetic-derived in-
dications, as is currently the case with prenatal diagnosis.

1.5.3 Personal Genomics

The ultimate goal in health care will be the efficient inte-
gration of molecular diagnostics with therapeutics. With the
advent of next-generation sequencing in 2005 (Margulies
et al., 2005) and the avalanche of developments in this field
since then (see Chapters 8 and 9), experts believe that
reasonably soon, people will be able to have their own
genomes sequenced for under $1000. As a matter of fact,
there are already claims that the human genome can be
sequenced for $1000 with a low depth of coverage. This is
going to involve sequencing technology that is much
cheaper and faster than today’s machines, both commer-
cially available and prototypes, and several efforts are
currently under way, often encouraged by major funding.
Previously, the entire DNA sequence of only a handful of
individuals had been sequenced, such as Craig Venter
(Levy et al., 2007), Jim Watson (Wheeler et al., 2008), and
so on, while today there are thousands of genomes that
have been sequenced, providing useful insights into the
genetic basis of human diseases. Yet, several million ge-
nomes should be sequenced so that further insights can be
gained on how to better individualize treatment modalities
(Table 1.2). In the future, a person may appear at the clinic
for treatment, “carrying” his or her entire genome at hand,
or alternatively, nanotechnology could eventually enable
DNA analysis with a portable DNA sequencing device.
Similarly, a personal genomics health coach may be able to
provide timely information regarding one’s health, based
on both artificial intelligence- and machine learning-aided
algorithms and the wealth of genomics data available in
the literature (see also Chapter 19). Overall, the provision
of accurate personalized medicine services will comprise a
complex interplay between (pharmaco)genomics,

metabolomics, transcriptomics, and metagenomics, medi-
ated by accurate genome informatics translation services
(Fig. 1.1).

Even though the expectations are high and companies
are using these new technologies to provide information to
individuals to predict health and disease outcomes, even
behavioral traits, it is generally premature to make promises
for clinically useful information from genomic analyses.
Next to that, there is an inherent danger of overestimating
the usefulness of the various personalized genomic tests,
particularly those that can be ordered directly by con-
sumers, also known as direct-to-consumer (DTC) genetic
tests (Magnus et al., 2009). Unlike other genetic analyses,
these tests provide a sheer amount of genetic information,
but their diagnostic or prognostic value remains uncertain
because of the lack of information about the influence of
environmental and other factors and the weak association
for the vast majority of genetic loci with disease. Several
studies and metaanalyses suggest that there is insufficient
scientific evidence to conclude that genomic profiles are
useful in measuring the genetic risk for common diseases or
in developing personalized diet (Pavlidis et al., 2015; 2016)
and lifestyle recommendations for disease prevention
(Patrinos et al., 2013). It is puzzling how some companies
in the DTC sector use their clients’ genetic profiles to tailor
individualized diets and lifestyle recommendations. Also, it
is noteworthy that some of the companies that provide
personal genomic tests have no physicians involved in
ordering these tests, with the argument that “.patients
deserve direct access to their health information without a
physician intermediary” (http://www.nytimes.com/2008/
06/26/business/26gene.html). In a few cases, these com-
panies were banned by regulatory authorities from further
selling their services. Overall, there are questions as to
whether and how to regulate these tests, about the extent to
which they provide (useful) medical information, and the
risks from misinterpreting them.

TABLE 1.2 Impact of Human Genome Sequencing in Advancing Knowledge in Human Genetics and Personalized

Medicine

Number of

genomes Impact

Thousands l Identification of human genomic variations
l Technology development for the complete and error-free sequencing of the human genome for patients

and the general population

Millions l Understanding of the molecular basis of human genetic diseases
l Optimization of the genotypeephenotype correlation
l Development of software tools for genotypeephenotype correlation in patients’ genomic profiles

Billions l Predictive and personalized medicine
l Treatment individualization
l Improvement of quality of life
l Prevention of human diseases
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1.6 CONCLUSIONS

In the coming years, molecular diagnostics will constitute an
integral part of medical practice and public health world-
wide. Molecular genetic testing will facilitate the detection
and characterization of human disease as well as monitoring
the drug response and will assist in the identification of
genetic modifiers and disease susceptibility. Whole genome
sequencing is likely to become the gold standard in assessing
DNA variation and changes in gene expression. However,
there are major hurdles to overcome before the imple-
mentation of these tests in clinical laboratories, such as
which test to employ, the choice of technology and equip-
ment, and issues such as cost-effectiveness, accuracy,
reproducibility, personnel training, reimbursement by third-
party payers, and intellectual property. Together with
proteomic-based testing, these advances will improve mo-
lecular diagnostics and will present additional challenges for
implementing such technology in public or private research
units, hospitals, clinics, and pharmaceutical companies.
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2.1 INTRODUCTION

In DNA-based molecular diagnostics the focus is on trying
to find one or more changes in the DNA sequence that can
be causally linked to the health status of the individual
analyzed. The variants detected need to be reported, i.e.,
described in a specific format. The current standard for
reporting is the Human Genome Variation Society (HGVS)
Recommendations for the Description of Sequence Vari-
ants. This chapter will describe the basic principles of the
HGVS variant nomenclature covering different types of
variants (substitution, deletion, duplication, insertion, etc.).
In addition, examples will be given for the description of
DNA changes as well as their consequences for corre-
sponding RNA and protein sequences.

2.2 HISTORY

A first suggestion for the standardized description of
sequence variants was made in 1993 (Beadet and Tsui,
1993). A major obstacle at the time was the scarcity of high-
quality DNA sequences, making nucleotide numbering a
topic of discussion. Preferably variant nomenclature should
be accurate, unambiguous, and stable yet sufficiently flex-
ible to allow for the description of all known classes of
sequence variation. How could this be achieved when the
availability of high-quality DNA sequences was very
limited? Based on lively discussions many opinions
evolved, the recommendations changed, and updates were
published in 1996, 1998, and 2000 (Ad Hoc Committee on
Mutation Nomenclature, 1996; Antonarakis, 1998; den
Dunnen and Antonarakis, 2000). The latter recommenda-
tions, published on behalf of the HGVS, were promoted
widely, e.g., made mandatory to use for publication in the

journal Human Mutation (Wiley). These so-called HGVS
recommendations are now considered to be a standard
worldwide, used by many journals and recommended for
use in molecular diagnostics (Gulley et al., 2007; Richards
et al., 2015). The Human Variome Project (HVP) maintains
a list of journals obliging or recommending the use of HGVS
nomenclature and/or variant submissions to databases at
http://www.humanvariomeproject.org/resources/genetics-
and-genomics-journals.html.

2.3 AUTHORIZATION

The recommendations are currently commissioned under
the auspices of three international organizations: HGVS,
HVP, and the Human Genome Organization (HUGO).
Requests for modifications and extensions go through the
Sequence Variant Description Working Group (SVD-WG)
operating following a standard procedure, including a final
community consultation step. Version numbers are
assigned to the recommendations, facilitating users to
specify which version is used in their variant descriptions.
The recommendations that will be described in this chapter
follow HGVS version 15.11 (2015, November).

The HGVS nomenclature page lists an email address for
questions (VarNomen@HGVS.org). Questions are either
answered directly or after consultation with the SVD-WG.
Facebook (http://www.facebook.com/HGVSmutnomen) is
used to discuss topics of interest, including simplified
Q&As, mentioning meetings where the recommendations
are discussed, and the release of new proposals for com-
munity consultation. Basic educational material is available
from the HGVS (a slide presentation entitled “The basics”
and an online Q&A test); more is in preparation.
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2.4 DEFINITIONS

2.4.1 Principles

To prevent confusion, the recommendations avoid the use
of ambiguous terms like “polymorphism” and “mutation.”
Polymorphism refers to “a sequence variant” in some dis-
ciplines and to “a variant found at a frequency of 1% or
higher in a population” in other disciplines. Similarly,
mutation is avoided since it is used to indicate both a
“change” and a “disease-causing change.” HGVS therefore
only uses neutral terms like “variant,” “alteration,” and
“change.”

To facilitate the computational analysis and description
of sequence variants, the basic types of variants have been
precisely defined (see the following) and prioritized as (1)
deletion, (2) inversion, (3) duplication, (4) conversion, and
(5) insertion.

l Substitution: a change in a specific sequence where,
compared to the reference sequence, one nucleotide is
replaced by one other nucleotide

l Deletion: a change in a specific sequence where,
compared to the reference sequence, one or more nucle-
otides are not present (deleted)

l Duplication: a change in a specific sequence where,
compared to the reference sequence, a copy of one or
more nucleotides is inserted directly 30 of the original
copy of that sequence

l Insertion: a change in a specific sequence where,
compared to the reference sequence, one or more nucle-
otides are inserted in a sequence and where the insertion
is not a copy of a sequence immediately 50 from the
insertion location

l Deletion-Insertion (indel): a change in a specific
sequence where, compared to the reference sequence,
one or more nucleotides are replaced by one or more
other nucleotides and which is not a substitution, inver-
sion, or conversion

l Inversion: a change in a specific sequence where,
compared to the reference sequence, more than one
nucleotide replaces the original sequence and where
this sequence is the reverse-complement of the original
sequence (e.g., CTCGA to TCGAG)

l Conversion (a specific type of deletion-insertion): a
change where a range of nucleotides from the original
reference sequence is replaced by a range of nucleotides
copied from a homologous sequence present at another
site in the genome

l Translocation: a change in a specific sequence where,
compared to the reference sequence, the sequence of one
chromosome is joined to that of another chromosome

Following these definitions an A>T substitution cannot
be described as an inversion, and a change where one
nucleotide is replaced by more than one nucleotide cannot
be described as a substitution (it is a deletion-insertion
(indel)).

The prioritization determines the preferred class when a
description is possible according to several classes, e.g., the
addition of one or more nucleotides to an existing mono-
nucleotide stretch is described as a duplication, not an
insertion. Together definitions and prioritization made it
possible to generate a formalized description of the HGVS
standard in Extended Backus-Naur Form (Laros et al.,
2011) and to develop software tools that can check and/or
generate HGVS descriptions (Wildeman et al., 2008; Hart
et al., 2014).

2.4.2 Reference Sequences

All variants have to be described in relation to a reference
sequence (see Table 2.1) and the sample analyzed. When a
variant is detected in a cDNA (RNA), it should be
described using an RNA reference sequence (r.), and it can
only be described using a DNA reference sequence when
genomic DNA is analyzed.

TABLE 2.1 Reference Sequences

Numbering Scheme Prefix Position Numbering in Relation to

Genomic DNA g. First nucleotide of the genomic reference sequence

Coding DNA c. First nucleotide of the translation start codon of the coding DNA reference
sequence

Noncoding DNA n. First nucleotide of the noncoding DNA reference sequence

Mitochondrial DNA m. First nucleotide of the mitochondrial DNA reference sequence

RNA r. First nucleotide of the translation start codon of the coding RNA reference
sequence or first nucleotide of the noncoding RNA reference sequence

Protein p. First amino acid of the protein sequence

For diagnostic applications it is strongly recommended to use a Locus Reference Genomic sequence (LRG) (Dalgleish et al., 2010; MacArthur et al.,
2014). When no LRG is available for a gene of interest, one should be requested as soon as possible.
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The preferred reference sequence is a complete genomic
reference sequence (i.e., the recent genome build GRCh38).
In diagnostics, a genomic reference sequence with coding
DNA annotation is preferred, since descriptions are usually
shorter/simpler, and one can derive the location of the
variant from the description (i.e., exonic/intronic, 50/30 of
the ATG, the exonic position divided by 3 is the amino acid
residue affected; see Table 2.3).

2.4.3 Locus Reference Genomic Sequence

The recommended reference sequence for diagnostic
reporting is a Locus Reference Genomic sequence (LRG)
(Dalgleish et al., 2010; MacArthur et al., 2014). The LRG
has been developed to create a stable and reliable genomic
reference sequence for diagnostic purposes. LRGs are not
versioned, and their sequences are not changed during their
lifetime. LRGs are annotated with transcript and protein
information divided into two sections: a stable section and
an updateable section. The HGVS recommendations
strongly advise the use of an LRG. When an LRG for the
gene analyzed is not available, one should be requested
(http://www.lrg-sequence.org/lrg-request).

2.4.4 Numbering Residues

The numbering of residues (nucleotides or amino acids)
starts at 1 for all reference sequences, except for the coding
DNA reference sequence scheme. In a coding DNA refer-
ence sequence scheme, nucleotide numbering starts with 1
at the A of the ATG translation initiation codon and ends
with the last nucleotide of the translation stop codon

(Table 2.2). Nucleotides 50 of the ATG are numbered . -3
-2 -1, and nucleotides 30 of the stop codon *1 *2 *3 ..
There is no nucleotide with the number 0. Intronic nucle-
otides are numbered relative to the closest coding DNA
nucleotide, beginning at the 50 end of the intron with þ1
(e.g., c.77þ1, c.77þ2, c.77þ3 .) and ending at the 30 end
with -1 (e.g., c78-3, c.78-2, c.78-1). The number prefix
changes in the middle of the intron from “þ” to “-”. For
introns with an uneven number of nucleotides, the central
nucleotide is the last to be numbered with a “þ”.

For variants in stretches of repeated sequences
(e.g., TTT, agcagcagc, HisHisHisHis) the so-called 30 rule
applies, stating that the most 30 position possible is arbi-
trarily deemed to have been changed. Consequently the
change of GGG to GG is described as g.3del (not g.1del or
g.2del). This rule applies to DNA, RNA, and protein
sequences.

2.4.5 Coding Residues

At the DNA, RNA, and protein level, nucleotides and
amino acids are described using the International Union of
Pure and Applied Chemistry - International Union of
Biochemistry and Molecular Biology (IUPAC-IUB) stan-
dards (see Table 2.3, IUPAC-IUB, 1984). For DNA, up-
percase letters are used (A, C, G, T), and for RNA,
lowercase letters are used (a, c, g, u). At the protein level
the 3-letter amino acid code is preferred, and the translation
stop codon is described using “Ter” or “*”. Initial recom-
mendations suggested the use of “X” to indicate the
translation stop codon (Antonarakis, 1998; den Dunnen and

TABLE 2.2 Numbering Residues

Location Nucleotide

Genomic Reference Sequence
Coding DNA Reference Sequence

LRG_199t1, NM_004006.2NC_000023.10 LRG_199 (DMD)

50 transcription start g.33231774 g.130953 c.-2345 (c.-244-u2101)c

In 50 UTR g.33229552 g.133175 c.-123

(In intron in 5 0 UTR)a (c.-55þ23/c.-54-23)b

A of the ATG start codon g.33229429 g.133298 c.1

In coding DNA g.32862930 g.499797 c.234

In intron, 50 side g.32380903 g.981883 c.5325þ2a

In intron, 30 side g.32366647 g.996080 c.5326-2a

G of the TAG stop codon g.31140036 g.2222791 c.11058

In 30 UTR g.31139691 g.2222836 c.*345

(In intron in 3 0 UTR)a (c.*54þ23/c.*55-23)b

30 transcription end g.31136580 g.2226247 c.*3456 (c.*2691þd756)c

Nucleotide numbering using a genomic reference sequence (NC_000023.10 [genome build GRCh37/hg19] and LRGt1_199) and a coding DNA refer-
ence sequence (DMD gene, NM_004006.2).
aCoding DNA reference sequence NM_004006.2 does not contain intron sequences; LRG_199t1 is required for this description.
bHypothetical example: the DMD gene does not contain an intron in the 50 or 30 untranslated region (UTR).
cProposed (not yet approved) to allow the discrimination of nucleotides that are 5’ (u ¼ upstream) or 3’ (d ¼ downstream) of the transcript (RNA).
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Antonarakis, 2000), but this recommendation has been
retracted and changed to “Ter” or “*”.

2.5 VARIANT DESCRIPTIONS

The most fundamental recommendation is that one has to
describe what was observed, not what was inferred, i.e.,
report original observations using an appropriate reference
sequence. Descriptions at the protein level should make
clear whether experimental proof was available or not.
When not, one should list the predicted consequences in
parentheses, e.g., in the format p.(Leu83Cys).

2.5.1 Substitutions

The format to describe substitutions differs at the DNA/
RNA level compared to the protein level. At the DNA/
RNA level, the “>” character is used: g.76198571C>T
(NC_000001.10), c.250C>T (NM_000016.4), r.250c>u
(NM_000016.4). At the protein level, the “>” character is
not used to describe substitution. The format used is
p.Leu84Phe (NM_000016.4, NP_000007.1).

2.5.2 Deletions

Deletions are described using “del” after the position of the
first and last residues deleted, separated by a “_” (under-
score). For all descriptions, the most 30 possible position is
arbitrarily deemed to have been changed.

One residue: g.215,914,514del (NC_000,002.11),
c.529del (NM_173,076.2), r.529del (NM_173,076.2),
p.(Pro2141del) (NM_173,076.2, NP_775,099.2).

Several residues: g.27,106,792_27,106,797del (NC_
000,001.10), c.6403_6408del (NM_006,015.4), r.6403_64
08del (NM_006,015.4), p.Ile2135_Leu2136del (NM_006,
015.4, NP_006,006.3).

When deletion breakpoints have not been sequenced
they should be indicated as precisely as possible, describing
the range of uncertainty in parentheses and using a question
mark (“?”) to indicate unknown positions: (last-residue-
present_first-residue-deleted)_(last-residue-deleted_first-
residue-present), e.g., g.(1234_3456)_(5678_7890)del with
defined breakpoints; g.(?_3456)_(5678_?)del with 50 and 30

undefined breakpoints; and g.2345_(5678_7890)del with
one sequenced and one undefined breakpoint. Descriptions
should not use exon or intron numbers (EX3_EX5del,
IVS2_IVS5del).

2.5.3 Duplications

Duplications are described using “dup” after the position of
the first and last residues duplicated, separated by a “_”
(underscore). For all descriptions, the most 30 possible
position is arbitrarily deemed to have been changed.

One residue: g.103,396,826dup (NC_000,014.8),
c.1253dup (NM_030,943.3), r.1253dup (NM_030,943.3),
p.(Leu46dup) (NM_001,077,488.2, NP_001,070,956.1).

Several residues: g.54,209,303_54,209,308dup (NC_
000,023.10), c.324_329dup (NM_017,848.4), r.324_32
9dup (NM_017,848.4), p.Glu75_Asp76dup (NM_017,84
8.4, NP_060,318.3).

2.5.4 Insertions

Insertions are described using “ins” after the position of the
residues flanking the insertion site, followed by a descrip-
tion of the residues inserted. Duplicating insertions should
be described as duplications, not insertions.

One residue: g.103,396,826_103,396,827insT
(NC_000,014.8), c.1253_1254insC (NM_030,943.3), r.12
53_1254insc (NM_030,943.3), p.(Leu46_Gly46insArg)
(NM_001,077,488.2, NP_001,070,956.1).

Several residues: g.54,209,303_54,209,304insTTAAC
(NC_000,023.10), g.54,209,303_54,209,304ins78818454_
78,819,003 (NC_000,023.10), c.324_325insGAAGT
(NM_017,848.4), 324_325insGAAGT (NM_017,848.4),

TABLE 2.3 Symbols for DNA (RNA)

Symbol Meaning Description

A A Adenine

C C Cytosine

G G Guanine

T T Thymine

B C, G, or T Not-A (B follows A
in the alphabet)

D A, G, or T Not-C (D follows C
in the alphabet)

H A, C, or T Not-G (H follows G
in the alphabet)

K G or T Keto

M A or C aMino

N A, C, G, or T aNy

R A or G puRine

S G or C Strong interaction
(3 H-bonds)

V A, C, or G Not-T/not-U (V follows
U in the alphabet)

W A or T Weak interaction
(2 H-bonds)

Y C or T pYrimidine

Symbols follow the International Union of Pure and Applied Chemis-
try recommendations (IUPAC-IUB, 1984). For RNA symbols change
DNA symbols to lowercase and use “u” for “T”.
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p.Val118_Glu119insArgCysThr (NM_017,848.4, NP_
060,318.3).

Description like “ins8” are not allowed, since the
insertion is not specified. Large insertions can be described
by referring to a sequence file containing the complete
inserted sequence with specification of accession.version
numbers, e.g., NC_000,023.10:g.54,209,303_54,209,304
insNC_000,006.10:78,818,454_78,819,003 or NC_000,
013.10:g.19,586,135_19,586,136insAB077488.1:129_366.

2.5.5 Indels (Deletion/Insertions)

Indels, or deletion/insertions, of two or more consecutive
nucleotides are described as a deletion followed by an
insertion (“delins”): g.27,106,792_27,106,805delinsGT
(NC_000,001.10), c.6403_6409delinsGT (NM_006,015.4),
r.6403_6409delinsgu (NM_006,015.4), p.Ile2135_-
Leu2136delinsArg (NM_006,015.4, NP_006,006.3).

2.5.6 Inversions

Inversions are described using “inv” after the position of
the first and last nucleotides affected by the inversion:
g.27,106,792_27,106,805inv (NC_000,001.10), c.6403_64
09inv (NM_006,015.4), r.6403_6409inv (NM_006,015.4).
Inversions do not occur on the protein level.

2.5.7 Conversions

Conversions are described using “con” after the position of
the first and last residues affected by the conversion, fol-
lowed by a description of the origin of the new nucleotides:
g.42,522,624_42,522,669con42536337_42,536,382 (NC_
000,022.10), c.1401_1446conNC_000,022.10:42,536,337_
42,536,382 (NM_000,106.4), r.1401_1446conNC_000,
022.10:42,536,337_42,536,382 (NM_000,106.4), p.Asp
11_His84conNP_005,201.2:Ala11_Pro84 (NM_014,617.
3, NP_055,432.2).

2.5.8 Translocations

Although suggestions have been published to cover the
description of translocations (Taschner and den Dunnen,
2011; Ordulu et al., 2014), official HGVS recommenda-
tions are not yet available. Historically, the description of
translocations is the responsibility of the International
Standing Committee on Human Cytogenetic Nomenclature
(ISCN), and their recommendations are published in
collaboration with the journal Cytogenetic and Genome
Research (ISCN, 2013; Simons et al., 2013). Given
the increased use of sequencing technologies to charac-
terize chromosomal aberrations, the ISCN and HGVS
committees are working on shared recommendations and a

clear distinction between the two systems. The suggested
separation is that when nucleotides are used in the
description of a variant, the HGVS recommendations
should be followed.

2.5.9 Variability in Repeated Sequences

Using the earlier discussed rules, the description of variants
in stretches of repeated sequences can become rather com-
plex. To simplify matters, such variants can be described
using the position (range) of the first repeat unit and a
number indicating the number of copies that are present:
g.146,993,570_146,993,572[14] (NC_000,023.10),
c.-128_-126[14] (NM_002,024.5). For short repeat units, an
alternative is allowed using the positions and a description of
the repeat unit: g.146,993,570GGC[14] (NC_000,023.10),
c.-128GGC[14] (NM_002,024.5). Complex repeats can be
described using the same principle: g.146,993,570GGC[8]
GGA[1]GGC[8]GGA[1]GGC[8]GGA[1]GGC[9] (NC_00
0,023.10), c.-128GGC[8]GGA[1]GGC[8]GGA[1]GGC[8]
GGA[1]GGC[9] (NM_002,024.5). When the size of the
repeat unit is uncertain, this can be specified using paren-
theses: c.-128GGC[(600_800)] (NM_002,024.5).

2.5.10 Alleles

Humans are diploid organisms, i.e., most sequences are two
copies (the autosomes, chromosomes 1-22). When more
than one variant is described it should be made clear
whether the variants were found on one chromosome
(allele, DNA molecule) or on the two different chromo-
somes (alleles, maternal and paternal origin). Two or more
changes compared to a reference sequence are described by
combining the changes per molecule (allele) between
square brackets (“[;];[;]”) and using a semicolon (“;”) as the
separator: c.[76C>T;283G>C] for two variants on one
molecule (in cis); c.[76C>T];[283G>C] for two variants
on two different molecules (in trans); and c.[76C>T(;)
283G>C] for two variants where the phase is unknown.

2.5.11 RNA

As shown earlier, the description of variants at the RNA
level follows that of DNA variants, using either a coding or
noncoding RNA reference sequence (transcript). When a
DNA variant yields several different transcripts on the
RNA level, these variants are described between square
brackets, separated by a “,” (comma): r.[76a>c, 70_77del].

2.5.12 Protein

Variant descriptions at the protein level cover a few specific
cases.
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2.5.12.1 Nonsense Variants

Nonsense variants are described as substitutions,
p.(Trp1298Ter) or p.(Trp1298*), not as deletions from the
altered amino acid up to the translation stop codon
(p.Trp1298_Leu3371del, Ter codon at 3318).

2.5.12.2 Frame Shifts

Variants that are predicted to shift the translational reading
frame can be described using either a short or a long form:
p.(Arg97fs) or p.(Arg97ProfsTer23). In “fsTer#” (or
“fs*#”), the symbol “#” indicates at which codon number in
the new shifted reading frame a stop codon is encountered.
The stop codon position in the new reading frame is
calculated starting at the first amino acid that is changed by
the frame shift, ending at the stop codon (Ter#). This stop
codon position is never “1,” since this should be described
as a nonsense variant, like p.(Trp1298Ter) or p.(Trp1298*).

2.5.12.3 Extensions

Variants in the translation start or stop codon, extending either
the N- or C-terminal sequence, are described as extensions.

Amino acids upstream of the original start site are numbered
using a minus sign: p.Met1ValextMet-12 (N-terminal exten-
sion of 12 amino acids, Met-12 to Thr-1). Similarly,
p.Ter110GlnextTer17 describes the observed extension of the
C-terminus of the protein with 17 new amino acids as a
consequence of a variant that changes Ter110 to Gln.

2.6 MUTALYZER

The stricter definition of the HGVS recommendations and
its formalized description in Extended Backus-Naur Form
(Laros et al., 2011) allowed the development of software
tools that can check and/or generate HGVS descriptions
(Fig. 2.1, Mutalyzer, Wildeman et al., 2008; Vis et al.,
2015; HGVS Python package, Hart et al., 2014; Variant
Validator, https://variantvalidator.org/). Note, however, that
these tools are not yet without error, and their results should
always be checked. In general, as can be expected, de-
scriptions of simple changes are correct while those of more
complex changes may contain errors.

A very powerful addition to the Mutalyzer suite is its
“Variant Description Extractor” (VDE; Fig. 2.2, Vis et al.,
2015). After copying or uploading the reference file or

FIGURE 2.1 The Mutalyzer homepage provides access to the different functionalities.
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FIGURE 2.2 Mutalyzer’s Variant Description Extractor (Vis et al., 2015) compares the specified reference and observed sequences (A) to generate the
HGVS variant description (B).
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FIGURE 2.3 Mutalyzer’s Name Checker verifying and correcting the description of the c.454_455insC variant in transcript t1 of the TP53 reference
sequence LRG_321. The Name Checker returns the correct description, c.455dupC on transcript t1, and the correct descriptions on the other annotated
transcripts (A) as well as the predicted consequences on their corresponding proteins (B).
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entering a RefSeq accession number in one window and the
variant sequence in the second window, the VDE compares
both sequences and generates the variant description(s).
Other Mutalyzer tools include the following:

l Name Generator: a user interface that helps to make a
valid HGVS variant description

l Name Checker: checks whether the sequence variant
description is correct (Fig. 2.3)

l Position Converter: converts chromosomal positions to
transcript-based positions and vice versa (Fig. 2.4)

l Syntax checker: checks whether the syntax of the
sequence variant description is correct

l SNP Converter: converts a dbSNP rsID to HGVS nota-
tion (genomic, coding DNA, and protein)

All tools are available to analyze variants one by one or
in batch mode. Mutalyzer has a web service (SOAP and
HTTP/RPCþJSON) and is Open Source, available under
the GNU Affero General Public License.

2.7 CONCLUDING REMARKS

Over the years, the sequence variant nomenclature system
proposed by the HGVS has developed into an interna-
tionally accepted standard. The HGVS recommendations
facilitate consistent and unambiguous description of
sequence variants, an essential requirement in reporting and
exchanging information on the analysis of a genome. The
recommendations are currently commissioned through the
SVD-WG operating under the auspices of the HGVS, HVP,

FIGURE 2.4 Mutalyzer’s Position Converter supports the conversion of chromosomal positions to coding DNA positions and vice versa. Given a single
coding DNA variant description, it will return the corresponding chromosomal position for the selected genome build and variant positions for all an-
notated overlapping Locus Reference Genomic (LRG) and transcript reference sequences. It does not check the variants, so for completeness it should be
combined with the Name Checker.
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and HUGO. Efforts of the SVD-WG have focused on
removing inconsistencies and tightening definitions,
allowing for automatic data processing (den Dunnen et al.,
2016). While the recommendations do not yet cover all
possible variant types, e.g., a proposal covering trans-
locations is currently under discussion, they are mature and
near complete. Additional requests are still received, e.g., to
cover exon numbering, RNA editing, DNA modification
(methylation), protein modification (phosphorylation,
glycosylation), etc., raising the question as to how far the
recommendations should extend. In this chapter we have
presented the basics of the HGVS recommendations but not
every tiny detail. For a more extensive overview we refer to
the online version of the recommendations and the material
available there (http://www.HGVS.org/varnomen/).
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3.1 INTRODUCTION

Molecular diagnostics primarily aim to detect genomic var-
iants, also known as single nucleotide polymorphisms
(SNPs), which can be either pathogenic or benign. Since the
advents of the polymerase chain reaction (PCR) (Mullis and
Faloona, 1987) and the thermostable Taq polymerase (1998;
see also Chapter 1), a number of PCR-based genetic testing
methods have been described. Those approaches were all
low-throughput, for example, allowing the detection of a
single or just a few genomic variants. These methods can be
summarized in two main categories: genetic screening
methods, specifically designed to detect specific genomic
variant(s), and genetic scanning methods, aiming to detect
every genomic variant within the PCR-amplified fragment
under study. This chapter aims to provide an overview of the
most commonly used low-throughput genetic testing
methodologies, which served as the basis for the
development of the medium- and high-throughput ap-
proaches used today in modern molecular diagnostic
laboratories.

3.2 GENETIC SCREENING METHODS

As described in Chapter 1, the very first approach that was
used for diagnosing a genetic disease at the molecular level
was PCR coupled with restriction fragment length poly-
morphism (RFLP) analysis to detect the variant leading to
sickle cell disease. Since then, there have been several other
approaches that are dependent upon allele-specific PCR-
based DNA amplification to screen for known genomic
variants. Allele-specific detection methods have been

widely used in research and molecular diagnostics since
their initial development in the late 1980s, not only because
they are easily applicable to the analysis of virtually any
known variant but also because these methods do not
require expensive and sophisticated instrumentation. These
approaches, which have constituted the foundation for
several research and diagnostic laboratories in the past, are
the amplification refractory mutation system (ARMS),
allele-specific oligonucleotide (ASO) probes, and oligonu-
cleotide ligation assays (OLAs). There have also been other
genetic screening approaches, such as competitive oligo-
priming, chemical and enzymatic cleavage, etc., that have
been less frequently employed for molecular diagnostics
and as such will not be described herein.

3.2.1 Amplification Refractory Mutation
System

ARMS is based on the principle that a mismatch between
the 30 nucleotide of a PCR primer and the template pre-
vents primer extension by the Taq polymerase. In 1989,
several independent groups described this approach for
analyzing known point mutations in DNA and dis-
tinguishing between normal, heterozygous, and homozy-
gous mutant genotypes (Newton et al., 1989; Nichols
et al., 1989; Okayama et al., 1989; Sommer et al., 1989;
Wu et al., 1989). Amplification of the normal allele, and
not that of the mutant, is accomplished using a primer that
is complementary to the normal allele and has a mismatch
between the 30 residue and the mutant allele. Conversely,
only the mutant will be amplified if the 30 residue of the
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primer is complementary to the mutant allele and not the
normal allele. The basic concept and an indicative appli-
cation are illustrated in Fig. 3.1A and B, respectively.

The design and optimization of the PCReARMS pro-
tocols rely on the target sequence and the nucleotide dif-
ferences that define the alleles. In addition to mismatches
between the 30 terminal base of the primer and the target,
single mismatches should be incorporated at several posi-
tions from the 30 terminus. The design and optimization of

PCReARMS primers follow the same considerations used
for any other type of PCR, namely: (1) primers are chosen
to have comparable theoretical melting temperatures (Tm),
(2) primer lengths are generally 20 nucleotides or longer,
although the length is less important than the Tm, and (3)
primers should not have self-complementary sequences of
four nucleotides or more nor should they have more than
four-nucleotide complementarity between their 30 ends. As
with any conventional PCR strategy, avoiding false

FIGURE 3.1 (A) PCReARMS detection of a single DHCR7 mutation. Schematic representation of the boundary between intervening sequence 8 and
exon 9 of the DHCR7 gene showing the position of a common mutation causing Smith-Lemli-Opitz syndrome. The mutation alters the canonical splice
acceptor sequence (AG > AA) and can be detected using an ARMS primer specific for the mutant allele. The analysis of PCReARMS products by
nondenaturing polyacrylamide gel electrophoresis, visualized by ethidium bromide staining and UV fluorescence, reveals a 190-bp fragment specific for
the IVS 8-1 G > C variant allele. The 429-bp fragment corresponds to a region of the HFE gene that serves as a positive internal control for PCR
amplification. Lane 1: normal control; lanes 2e4: IVS 8-1 G > C heterozygote. (B) Genotyping of HFE p.C282Y mutation using PCReARMS.
Schematic representation of a portion of the HFE gene showing the most common mutation associated with hereditary hemochromatosis (p.C282Y). The
multiplex analysis contains primers for two different PCReARMS assays, run off opposite strands. One PCReARMS assay is specific for the mutant
allele, whereas the other assay is specific for the normal allele. The PCR products for the mutant and normal alleles have different lengths and can easily be
distinguished by gel electrophoresis. Lanes 1, 3: normal samples; lanes 2, 4: p.C282Y heterozygotes; lane 5: p.C282Y homozygote. (C) Forward
PCReASO of HBB gene mutations. PCReASO analysis of the most common HBB variant in the Hellenic population (IVS I-110 G > A), leading to
b-thalassemia. N/N: homozygous normal sample; N/M: heterozygous mutant sample; M/M: homozygous mutant sample; Case A: homozygous normal
sample; Case B: heterozygous mutant sample.
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negative results can be overcome by incorporating a
degenerate nucleotide into the primer or by targeting the
opposite strand for amplification.

If several sequence variants need to be detected in a
multiplex ARMS detection protocol, one first needs to
optimize the PCR conditions for the sensitive and specific
detection of each allele, namely adjusting the PCR cycling
parameters and MgCl2 concentration. Subsequently, and
once those parameters are set for each allele, the primer
pairs can be combined to evaluate the performance of the
multiplex ARMS assay. Following DNA amplification,
agarose or polyacrylamide gel electrophoresis systems can
be used to resolve the wild type from the variant amplicon,
which should differ in sizes to be clearly distinguished
during electrophoresis. The specificity of PCReARMS is
such that a large number of samples can be analyzed if
needed in pools, as the approach is capable of detecting a
single positive sample in pools of 30 or more samples
(Nowaczyk et al., 2001; Waye et al., 2002).

PCReARMS assays can be developed, validated,
implemented, and multiplexed rather easily, which consti-
tutes the main advantage of this approach, while they do
not require expensive and sophisticated detection systems
(Liu et al., 2016; Medicare et al., 2016). On the contrary, as
with other variant screening methods, PCReARMS can
only be used to detect known genomic variants.

3.2.2 Allele-Specific Oligonucleotide
Hybridization

The analysis of single nucleotide variations in DNA using
hybridization with ASO probes is based on the principle
that even single nucleotide mismatches between a probe
and its target can destabilize the hybrid. ASO probes can be
designed to be complementary and specific for the various
alleles, thus providing a simple methodology to detect any
known mutation or SNP.

The use of ASO probes actually precedes PCR and was
a commonly used approach to analyze cloned DNA, using
radioactively labeled ASO probes to hybridize on genomic
DNA that has been immobilized on a membrane after
restriction endonuclease digestion and electrophoresis
(Conner et al., 1983; Orkin et al., 1983; Pirastu et al.,
1983). With the advent of PCR amplification (Saiki et al.,
1985, 1988a,b), PCReASO became one the methods of
choice to analyze known point mutations within amplified
DNA fragments (Saiki et al., 1986).

ASO probes are generally short oligonucleotides
(15e17 mers) with a low GC content (or guanine-cytosine
content) (usually 30e50%), designed such that the
discriminating nucleotide is located somewhere in the
middle of the probe. The right choice of the ASO probes
requires a significant time investment and testing of several

candidate probes that must be evaluated individually using
both positive and negative control samples, all under fixed
hybridization and wash stringency conditions. Also,
caution should be exercised to avoid sequences that are
polymorphic, which may lead to false negative results if a
polymorphism impairs annealing and/or destabilizes the
ASO/target hybrid.

There are two different variations of the theme of PCRe
ASO: the forward ASO format and the reverse ASO format.

In the forward ASO format, the PCR-amplified DNA
fragments are immobilized onto a filter or membrane, and
labeled oligonucleotide probes that are complementary and
specific for a given DNA sequence are hybridized to the
filter. Subsequently, the filter is washed at the appropriate
stringency to dissociate any probe molecules and exposed.
The first PCReASO protocols used radiolabeled oligonu-
cleotide probes with [g-32P] and X-ray film exposure to
detect the membrane-bound probe-target hybrids (Saiki
et al., 1986). Alternative protocols used biotinylated ASO
probes and probe-target hybrid detection using streptavidin
conjugated with horseradish peroxidase (Saiki et al.,
1988b), which can be detected either using a colorimetric
detection with tetramethylbenzidine and hydrogen peroxide
or chemiluminescent substrates. The forward ASO format
is particularly useful when large numbers of samples need
to be analyzed for a small number of variant alleles
(Fig. 3.1C). For a larger number of alleles being tested, the
forward ASO format gets more cumbersome, requiring
separate labeled probes and hybridization cycles for each
allele being tested.

For this reason, the reverse ASO format was conceived
to circumvent this problem. In reverse ASO, different ASO
probes get immobilized onto a filter and/or membrane and
hybridization of the filter to labeled PCR-amplified DNA
occurs. The original reverse ASO format (also known as
reverse dot blot) employed probes that had poly(dT) tails
added to their 30 termini and were immobilized on the
nylon membranes by UV cross-linking (Saiki et al., 1989).
The method was subsequently improved by covalent
binding of the ASO probes to membranes via 50 amino
linkers (Zhang et al., 1991; Chehab and Wall, 1992). The
reverse ASO format has become a widely used tool for the
routine screening of genes that have numerous mutant al-
leles (reviewed in Gold, 2003), and several reverse dot-blot
test kits have been made available for mutation screening
for several genetic diseases, including a-thalassemia (Chan
et al., 1999; Foglietta et al., 2003), b-thalassemia (Chehab,
1993; Cai et al., 1994), and cystic fibrosis (Chehab and
Wall, 1992; Makowski et al., 2003). Also, several com-
mercial kits have been developed for a- and b-thalassemia
mutation detection (reviewed in Patrinos et al., 2005).

The PCReASO method, particularly the reverse format,
provides a convenient approach for simultaneously
screening large numbers of genomic variants, can be
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applied to any known sequence variation, and does not
require any sophisticated instrumentation for variant
detection. On the contrary, the amount of work required for
standardizing the hybridization and wash stringency con-
dition for the simultaneous hybridization of several oligo-
nucleotide probes is a significant drawback, particularly for
small laboratories with limited resources, requiring a sig-
nificant initial investment.

3.2.3 Oligonucleotide Ligation Assays

The principle of OLA lies in the ability of DNA ligases to
join short oligonucleotides covalently to each other, which
indirectly reflects the genotype of the target DNA. The
joining of two oligonucleotide probes by DNA ligase is
dependent on three different conditions: (1) hybridization
of the probes to the target DNA, (2) the probes must lie
directly adjacent to each other in a 50 to 30 orientation, and
(3) the probes must have perfect base-pair complementarity
with the target DNA at the site of their joining. If all three
conditions are fulfilled, then sequence variants can be
reliably, accurately, and reproducibly discriminated using
OLA. The reaction can be monitored by introducing a
detectable function in either of the probes in the ligation
reaction. Several different analytical techniques are in use,
differing from each other in their detection methods and
instrumentation needs.

In 1988, this enzymatic reaction was applied to ligate
short single-stranded DNA probes as a means to detect
sequence variants (Alves and Carr, 1988; Landegren et al.,
1988). This was the beginning of the development of
several analytical methods utilizing DNA ligases, for
example, OLA and ligase chain reaction. When thermo-
stable DNA ligases became commercially available in
1990, they enabled the temperature cycling of the ligation
reaction. OLA was revolutionized in 1990 when PCR was
coupled to the assay prior to the ligation reaction
(Nickerson et al., 1990), and nowadays the method is used
in numerous clinical and research laboratories worldwide
for the detection of a wide variety of medically relevant
mutations.

In most applications, the relevant gene fragment is first
amplified in a PCR, although in some applications genomic
DNA has been directly subjected to the ligation reaction.
The template DNA for OLA is denatured to form a single-
stranded target DNA. Two adjacent oligonucleotide probes
(approximately 20 mers) and a DNA ligase enzyme are
needed for each ligation reaction. The oligonucleotides for
OLA are designed to juxtapose at a previously identified
mutation site on the template. The probes are hybridized to
the target DNA in a head-to-tail (50 to 30) orientation. If the
probes and the target DNA are perfectly complementary to
each other, the DNA ligase enzyme forms a phosphodiester
bond between the probes. If there is even a single base pair

(bp) mismatch on either side or close to the nick between
the probes, the efficiency of the enzyme is significantly
decreased, and the ligation is prevented; therefore it can be
distinguished from a perfect match (Wu and Wallace, 1989;
Pritchard and Southern, 1997). For biallelic sequence var-
iants, three synthetic oligonucleotide probes are used: one
allele-specific probe is needed for each allele to be detected
and a third, common probe then hybridizes to the target
DNA sequence immediately adjacent to the allele-specific
probes and is completely complementary to either allelic
target. If a thermostable DNA ligase is used in the reaction,
the denaturation and the ligation steps can be cycled to
achieve a linear amplification of the ligated probes, thus
enhancing the sensitivity of the assay.

There are several detection methods, and the choice
between them is dependent on many factors, such as the
available instrumentation in the laboratory, the number of
samples to be analyzed, and the number of genetic varia-
tions to be analyzed per sample, as well as costs and the
need for speed, simplicity, and robustness. There are assays
based on the solid-phase capture of ligated probes, where
one of the oligonucleotide probes used for the ligation re-
action can be attached directly to a solid-phase support,
for example, paramagnetic particle or biosensor chip
(Martinelli et al., 1996; Zhong et al., 2003). However, a
more common approach is to capture the probe on solid-
phase by hybridization or streptavidinebiotin interaction
(Nickerson et al., 1990; Iannone et al., 2000). There are
several detection methods utilizing 96- or 386-well
microplates. Detection on microplates can be done colori-
metrically, using a colorimetric enzyme-linked immuno-
sorbent assay-based detection (Nickerson et al., 1990),
chemiluminometrically (Tannous et al., 2003), or using
time-resolved fluorometry (Hansen et al., 1995). There are
other less frequently used detection methods, such as
fluorometric detection on microspheres (Iannone et al.,
2000) and colorimetric detection nonbiosensor arrays,
raising the assay’s throughput to an even higher level
(Zhong et al., 2003). There are also electrophoretic assays,
based on the fact that the probe size is raised upon ligation.
As such, the ligation products are resolved from each other
and from the nonligated probes under denaturing conditions
on high-resolution polyacrylamide gels or capillary elec-
trophoresis by their unique electrophoretic mobility. The
detection method can be either autoradiography or fluo-
rescence, depending on the label used in the common
probes (Day et al., 1995a; Grossman et al., 1994).

Several applications of OLA for the detection of mo-
lecular defects causing human diseases are, even today, in
use in molecular diagnostic laboratories on a global scale.
The first report describing OLA as a molecular diagnostic
method is for the diagnosis of sickle cell disease (MIM
603903; Landegren et al., 1988). Since then OLA has been
used for prenatal screening of this disease (Day et al.,
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2002). Also, OLA has been used to detect a wide variety of
medically relevant mutations causing inherited diseases or
mutations contributing to a common disease, such as cystic
fibrosis, hereditary hemochromatosis, and variants occur-
ring in isolated populations, such as the Finnish Disease
Heritage. Although most of the OLA applications are
developed and validated in-house, several commercial
genotyping kits are available for the diagnosis of inherited
disorders, such as kits for detecting the common genetic
variants of clotting factors II (prothrombin) and V, as well
as methylene tetrahydrofolate reductase, which predisposes
an individual to thrombophilia. Even these commercial kits
have to be validated for clinical use in each laboratory.

One of the main advantages of PCReOLA is that it
reliably distinguishes heterozygous and homozygous
mutant cases from homozygous normal individuals. Also,
the use of thermostable DNA ligase improves the speci-
ficity of the reaction since the ligation can be performed at
higher temperatures, thus increasing the annealing strin-
gency (Barany, 1991). Since the assay can be performed
over a broad range of ligation temperatures, salt concen-
trations, and DNA ligase concentrations without any loss of
sensitivity (Hansen et al., 1995), this eliminates the risk of
false-negative or false-positive reactions due to variations
in these factors. Also, there are several means for the
detection of ligation products, such as colorimetry, chem-
iluminometry, and time-resolved fluorometry, that can be
performed in the microplate format by immobilizing one of
the probes directly or by biotinestreptavidin interaction
into a well, a particle, or a pin. Furthermore, PCReOLA
can be multiplexed for the detection of several alleles or
loci in the same reaction. However, there are also some
limitations, such as a lack of reproducibility, owing to the
generation of spurious amplification products in the PCR
step (Fox et al., 2007).

3.3 GENETIC SCANNING METHODS

Contrary to the genetic screening methods described earlier
that are able to detect only known variants for which they
are designed, one should ensure that the PCR-amplified
fragment under study is thoroughly investigated for the
existence of any possible variant, both known as well as
unknown. As such, other genotyping methods, also known
as genetic scanning methods, should be used that are able to
detect the existence of any possible variant in the fragment
in question. The most popular genetic scanning approaches
that constituted the cornerstone of any molecular di-
agnostics laboratory in the last decade were single-strand
conformation polymorphism (SSCP), heteroduplex anal-
ysis (HDA), and denaturing- and temperature-gradient gel
electrophoresis (DGGE and TGGE, respectively). In the
following paragraphs, we will summarize the earlier
mentioned methods, keeping in mind that those techniques

were designed to scan any PCR-amplified fragment for
single point variants and small indels. There are other
methods that are designed to screen for larger deletions,
insertions, and gross rearrangements, such as multiplex
ligation-dependent probe amplification, which lie outside
the scope of the present chapter.

3.3.1 Single-Stranded Conformation
Polymorphism Analysis

SSCP is perhaps the most popular electrophoresis-based
genetic scanning method. Coupled to DNA amplification
of the sequence to be analyzed, these techniques have
become the methods of choice for several molecular diag-
nostic laboratories. This can be explained mainly by the
numerous advantages, namely their technical simplicity and
relatively high specificity for the detection of sequence
variations, the low operation costs, and the potential for
automation for high-throughput mutation analysis. If fluo-
rescently labeled primers are employed during DNA
amplification, SSCP analysis can be performed in gel- or
capillary electrophoresis-based automated sequencers,
hence allowing for precise, reproducible, and high-
throughput analysis of the genomic variation.

The analysis of SSCP has been established by Orita
et al. (1989) as a simple, efficient, and reliable method for
the detection of sequence alterations in genomic loci. Based
on PCR, SSCP was developed soon after the introduction
of PCR technology and relied on the fact that relatively
short single-stranded DNA fragments can migrate in a
nondenaturing gel not only as a function of their size but
also of their sequence. In other words, following the
amplification of any given DNA sequence, the amplified
DNA fragments are subjected to denaturation with either
heat or chemical agents, such as formamide. Subsequently,
the denatured DNA fragments are electrophoresed through
a native (nondenaturing) polyacrylamide gel. During elec-
trophoresis, single-stranded DNA fragments adopt a spe-
cific three-dimensional shape according to their nucleotide
sequence and hence exhibit a unique conformation.
Therefore their electrophoretic mobility is dependent upon
the previously mentioned three-dimensional shape. Based
on these principles, it is well understood that even a single
base difference between a DNA fragment being tested and
its wild type counterpart is sufficient to adopt a different
conformation and thus to migrate at a different position
during electrophoresis (Fig. 3.2A).

Fluorescent SSCP (F-SSCP) is a variation of the theme
of the standard SSCP method. F-SSCP is a nonradioactive,
high-resolution PCReSSCP method in which fluorescently
labeled PCR products are electrophoresed and detected by
an automated DNA sequencer (Makino et al., 1992).
Coupling SSCP analysis with an automated DNA

Low- and Medium-Throughput Variant Detection Methods: A Historical Perspective Chapter | 3 27



sequencer enables highly sensitive fragment detection and
permits the strict control of any desired temperature, a
fundamental requirement of SSCP analysis to obtain
reproducible results. Coelectrophoresis of an internal size

standard DNA labeled with a dye different from that of the
sample DNA allows the relative fragment mobility of
sample DNAs to be reproducibly determined using the
mobility of the internal standard DNA as a reference.

FIGURE 3.2 (A) Schematic drawing of a typical result from a single-strand conformation polymorphism (SSCP) analysis. After staining, the gel can be
divided into two parts: the part with the bands corresponding to the single-stranded (SS) alleles and the part with the double-stranded (DS) bands, as
complete denaturation is sometimes not feasible. In this example, lane 1 corresponds to the wild type pattern for any given locus analyzed. If lane 2
corresponds to a homozygous case for mutation A, then lane 3 corresponds to a heterozygous case for the same mutation, and lanes 4 and 5 correspond to
a homozygous case for mutation B and a compound heterozygous case for mutations A and B, respectively. Lanes 6e8 are characteristic examples of the
electrophoretic pattern of small deletions or insertions, which can also be distinguished at the DS part of the gel (see also Fig. 5.5b). Lanes 6, 7: het-
erozygous and homozygous cases for a small deletion, respectively; Lane 8: heterozygous case for a small insertion. (B) Analysis of the coding region of
the human G6PD locus (Adapted from Menounos, P., Zervas, C., Garinis, G., Doukas, C., Kolokithopoulos, D., Tegos, C., Patrinos, G.P., 2000. Mo-
lecular heterogeneity of the glucose-6-phosphate dehydrogenase deficiency in the Hellenic population. Hum. Hered. 50, 237e241.). Lanes 1, 2: Exon 8
(lane 1: normal individual; lane 2: heterozygous case); Lanes 3e7: Exon 11 (lanes 5, 6: wild type pattern; lanes 4, 7: heterozygous cases for different
mutations; lane 3: heterozygous case with two point mutations in cis, one of which is the same as in lane 4 [note the minor mobility difference of the bands
for the SS alleles between lanes 3 and 4]). (C) The heteroduplex analysis (HDA) principle. Unlike SSCP analysis, amplified DNA is now subjected to
denaturation followed by a slow reannealing of the denatured alleles, leading to both homoduplexes (HmD) and heteroduplexes (HtD). The latter migrate
slower during gel electrophoresis, due to their sequence mismatch(es), and therefore heterozygous (Het) and homozygous (Hom) cases can be easily
distinguished from the wild type (Wt) based on their electrophoretic pattern. M: size marker. (D) Mutation screening in the exon 10 of the CFTR gene for
the p.F508del mutation, leading to cystic fibrosis, using HDA. Electrophoresis is performed in a nondenaturing 8% acrylamide gel. The amplification
product of the wild type allele is 97 bp and that of the mutant allele is 94 bp. Lanes 3e6 correspond to p.F508del heterozygotes, lane 1 corresponds to a
p.F508del homozygote, and lane 2 corresponds to a wild type individual. The electrophoretic mobility of the heteroduplexes is retarded compared to the
homoduplexes. M: 4X174/HaeIII size marker. Photo courtesy of Dr. Angeliki Balasopoulou, Athens, Greece.
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There are several parameters that influence SSCP
analysis that will eventually affect electrophoretic
migration:

1. DNA amplification (such as the size of PCR products)
with a PCR fragment size of approximately 550 bp
(Hayashi, 1991; Hayashi and Yandell, 1993).

2. Denaturation: In SSCP analysis, it is important to
achieve complete and as much irreversible denaturation
of the DNA strands as possible. Usually, denaturation
of the PCR products is done in 95�C for 5e7 min, fol-
lowed by an incubation step at 4�C for approximately
10 min. Alternatively, there are numerous denaturing
agents, such as formamide, methyl-mercuric hydroxide,
sodium hydroxide, and urea, which seem to perform
well (Humphries et al., 1997).

3. Electrophoretic conditions, namely the length and dura-
tion of gel run, the ionic strength in the buffer being used,
the temperature, and the gel matrix composition. It must
be noted that there is neither adequate theory nor any
physicochemical model available that could allow one
to predict the three-dimensional structure of any given
single-stranded DNA fragment and, as a result, its elec-
trophoretic mobility. Apart from the size of the DNA
fragment and its GC content, the following parameters
have been empirically found to affect the sensitivity of
SSCP analysis: the gel matrix composition, the buffer
composition (ionic strength, the pH and buffer supple-
ments, such as glycerol), the duration of the gel run,
the gel length, the DNA concentration, and the electro-
phoresis temperature.

4. Detection: Visualization of the single-stranded DNA
fragments can be done using a number of detection
methods. This includes the use of radioactivity and
some of the other described protocols that utilize silver
staining or detection with fluorescent dyes. Alterna-
tively, in F-SSCP, analysis can be done on automated
sequencers with fluorescent dye-labeled DNA frag-
ments. From those, the silver staining approach com-
prises one of the most straightforward, fast, and
sensitive methods for the visualization of bands on con-
ventional SSCP gels.

Several factors influence sensitivity in SSCP analysis
and therefore need to be taken into account in order to
obtain reproducible results as well as to maximize the
sensitivity of the mutation detection. Optimization of these
factors is highly empirical, as there is no adequate theo-
retical basis or type of algorithm (as in DGGE [see later])
that would enable researchers to predict the three-
dimensional conformation of the single-stranded DNA
fragments under specific experimental procedures. Those
elements that frequently affect the sensitivity of both
methods will be discussed in this section.

In general, most of the single-stranded DNA fragments
will have a more compacted conformation at lower tem-
peratures or in the presence of higher salt concentrations. It
follows, however, that by increasing the salt concentration,
the conductivity is also increased, thus having a rather
significant effect on temperature. It is therefore suggested
that electrophoresis is performed, as a starting point, at
room temperature with 5e10% glycerol or at 4�C without
the addition of glycerol or salt. Hayashi and Yandell (1993)
have shown that in most fragments shorter than 200 nu-
cleotides, more than 90% of the sequence variations will be
detected, and as the size of the PCR fragment gradually
increases to 300e350 nucleotides, the number of variants
that can be safely detected is reduced to more than 80%.
Practical observations suggest that any fragment that ex-
hibits a differential mobility often will migrate very close to
the reference fragment. However, the overall fragment
number is not always predictable in advance. Any given
number of conformations may be supported to a variable
extent by the applied electrophoretic parameters. Further-
more, the band intensity is irrelevant to allelic differences,
as it is strictly dependent on the different conformations.
Therefore SSCP is not a safe method to predict gene-
dosage effects. In addition, the simultaneous detection of
more than one mutation in a single DNA sample is not
easily predictable, as previous data have shown that the
electrophoretic pattern may vary considerably within
different experiments. In general, although highly repro-
ducible, the mobility of single-stranded DNA conformers
cannot be predicted in advance from sequence information.
Furthermore, in an attempt to further improve the sensi-
tivity of the SSCP, the RNAeSSCP approach has been
developed (Sarkar et al., 1992), where the double-stranded
DNA is converted to the corresponding single-stranded
RNA by means of one of the two primers that has phage
promoter sequences on its 50 end. Although its sensitivity
may rely on the fact that the in vitro transcribed strand has
no complementary strand to reanneal with, it still requires
sufficient amounts of the in vitro transcribed product to be
electrophoresed and easily analyzed, even by ethidium
bromide staining (Sarkar et al., 1992).

Due to its numerous advantages, SSCP analysis was
(and still is in some cases) the method of choice in
several private or public molecular diagnostic laboratories
to either interrogate known mutations or scan for known
or unknown mutations in a relatively short time. This
applies both in basic science as well as in molecular
diagnostics. For example, SSCP analysis was first used
in screening candidate genes in tumourigenesis (Suzuki
et al., 1990; Yap and McGee, 1992). In addition to the
utilization of the SSCP methodology as a screening tool,
several investigators previously have employed this
technique for gene mapping in mouse genes (Beier,
1993) and in fewer cases for the linkage analysis of
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human genes (Nishimura et al., 1993; Avramopoulos
et al., 1993).

Also, SSCP has been applied on several occasions for
the detection of variants in any genomic locus, such as
G6PD mutation screening (Menounos et al., 2000;
Fig. 3.2B) and HBE genetic analysis (Papachatzopoulou
et al., 2006).

Furthermore, SSCP has been used for molecular typing
in clinical microbiology for the detection of nucleotide
variations at the groEL gene, in order to differentiate sal-
monella strains both at the interserovar and the intraserovar
levels (Nair et al., 2002). Also, Peters et al (1997) reported
successful differentiation between the hepatitis C virus
(HCV) quasispecies, using F-SSCP analysis of reverse
transcription-PCR-generated fragments from HCV RNA,
containing hypervariable region I of the HCV genome.
Provided that the virus titer is sufficient, these authors
showed that F-SSCP is a quick and reliable method for
HCV quasispecies analysis. Finally, F-SSCP has been
proven to be a particularly useful method in human platelet
antigen genotyping (Quintanar et al., 1998).

3.3.2 Heteroduplex Analysis

The principle of HDA is simple and closely related to that
of SSCP. In brief, heteroduplexes are formed between
different DNA alleles, for example, by mixing wild type
and mutant amplified DNA fragments, followed by dena-
turation at 95�C and slow reannealing to room temperature
(White et al., 1992). If the target DNA consists of different
alleles already (e.g., a heterozygous case) then heterodu-
plexes are formed automatically during the amplification
step. The result is the formation of two homoduplexes and
two heteroduplexes, which are retarded during electro-
phoresis in native polyacrylamide gels (Fig. 3.2C). There
are two types of heteroduplex molecules, depending on the
type of the genomic variant, which in turn reflects on their
stability. In other words, small deletions or insertions create
stable heteroduplexes, termed bulge type heteroduplexes,
which have been verified by electron microscopy (Wang
et al., 1992). On the other hand, single base substitutions
form the so-called bubble type heteroduplexes, which are
much more difficult to visualize, and optimization of the
experimental conditions is required to achieve optimal
resolution of this type of heteroduplex. A number of mo-
lecular diagnostic techniques, based on heteroduplex for-
mation, are reported in the literature, such as enzymatic or
chemical cleavage and DGGE, but HDA appears to be the
most attractive one, as it can be performed rapidly on short
gels without the need for specialized equipment and the use
of radioactivity. The most typical example of the use of
HDA for mutation screening is the rapid detection of the 3-
bp p.F508del deletion in the CFTR gene, leading to cystic
fibrosis (Fig. 3.2D).

HDA can also be adapted to a fluorescent capillary
system, such as the currently available automated DNA se-
quencers. This is possible by labeling the primers with
fluorescent dyes, such as 6-carboxyfluorescein, hexachloro-
6-carboxyfluorescein, etc. Like F-SSCP, capillary-based
HDA (CE-HDA) also has the advantage of multiplexing,
which together with the use of different fluorescent dyes can
significantly increase the analysis throughput (Kozlowski
and Krzyzosiak, 2001). The use of multicapillary systems,
for example, 96-capillary platforms, can also reduce the time
needed for processing each sample. For example, up to 10
PCR products can be analyzed in one capillary per run,
indicating that the entire analysis of a patient’s BRCA1 and
BRCA2 coding regions can be completed in a single run
within 1.5 h (Esteban-Cardeñosa et al., 2004). In brief, CE-
HDA is a high-throughput, sufficiently sensitive, and cost-
effective methodology and can be easily implemented to
offer reliable genetic analysis in molecular diagnostic labo-
ratories with large sample volumes.

The sensitivity of the HDA approach has not been
determined to the extent of the SSCP analysis. Rossetti
et al. (1995) compared both SSCP and HDA assays for the
detection of known mutations in a panel of four genes.
Although none of these assays were performed with 100%
efficiency, HDA detected slightly more variants than SSCP
in the same samples. Also, it has been shown that the
performance of HDA can be improved with the gel matrix,
in this case mutation detection enhancement (a derivative
from HydroLink D5000�; Keen et al., 1991), which has
basically made HDA a valuable variant detection tech-
nique. Finally, to improve the visualization of the bubble
type heteroduplexes, which are much more difficult to
visualize than the bulge type heteroduplexes, the Universal
Heteroduplex Generator (UHG) was conceived (Wood
et al., 1993a,b). The UHG consists of a synthetic DNA
fragment, which bears a small (i.e., 2- to 5-bp) deletion,
which is amplified by the use of the same oligonucleotide
primers as the DNA under study. After amplification, the
test amplicon is mixed with the amplified UHG, denatured,
and then slowly reannealed, followed by electrophoresis. If
no mutation is present in the test DNA, then only a bulge
type heteroduplex will be present, slightly retarded
compared to the homoduplex. If, however, a single base
substitution is also present, then the resulting heteroduplex
will have two mismatches: a bulge and a bubble type,
which will result in the heteroduplex migrating significantly
lower compared to the simple bulge type heteroduplex. The
use of UHG has been reported for the detection of known
variants within a number of loci, such as von Willebrand
disease (Wood et al., 1995), phenylketonuria (Wood et al.,
1993a), and for prenatal determination of blood group al-
leles (Stoerker et al., 1996).

HDA strategies have been successfully designed for the
detection of genetic defects in a number of human genes,
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such as CFTR (Rommens et al., 1990), NF1 (Shen et al.,
1993) and NF2 (Sainz et al., 1994), APC (Paul et al., 1993),
PKU (Wood et al., 1993a), BRCA1 and BRCA2 (using the
CE-HDA approach; Kozlowski and Krzyzosiak, 2001;
Esteban-Cardeñosa et al., 2004), and so on.

3.3.3 Temperature-Gradient Gel
Electrophoresis

TGGE and DGGE are both based on the principle that the
electrophoretic mobility of double-stranded DNA frag-
ments is significantly reduced by their partial denaturation.
Owing to the sequence dependence of the melting proper-
ties of DNA fragments, sequence variations can be detec-
ted. Although the sensitivity of TGGE and DGGE in
detecting point mutations in genetic disorders and other
settings has been reported to be close to 100%, these
methods have never become as popular as other mutation
detection methods such as SSCP, which may be due to the
difficulty in designing adequate PCR primers and setting up
the assays.

The method was originally conceived by Myers and
coworkers (1985b) for separating DNA fragments differing
by single nucleotide substitutions in denaturing gradient
gels. The method was based on the notion that the dena-
turation (melting) of DNA fragments can be regarded as
equilibrium for each bp between two distinct states: double
helical and a more random state in which bases are neither
paired nor stacked on adjacent bases in any orderly way
(Myers et al., 1987). The change from the first to the second
state is caused by increasing temperature or increasing
concentration of denaturing agents.

In the case of single nucleotide substitutions, the
replacement of an A:T bp (two hydrogen bonds) by a G:C
pair (three hydrogen bonds) will generally be expected to
increase the temperature at which the corresponding DNA
sequence melts. The context of the nucleotide substitution
also plays a role, and substitutions of A:T by T:A pairs, or
G:C by C:G pairs, can also affect the temperature at which
a DNA sequence dissociates.

Furthermore, a DNA fragment dissociates in a stepwise
fashion as the temperature is gradually increased. Dissoci-
ation occurs nearly simultaneously in distinct, approxi-
mately 50e300-nucleotide-long regions, termed “melting
domains.” All nucleotides in a given melting domain
dissociate in an all-or-nothing manner within a narrow
temperature interval.

The Tm indicates the temperature at which 50% of the
individual molecules are dissociated in the given melting
domain and 50% are double helical. As indicated earlier,
the Tm is strongly dependent on the individual DNA
sequence and can be significantly altered by small changes
in the DNA sequence, including single nucleotide

substitutions. TGGE is based on detecting differences in the
electrophoretic mobility between molecules that may differ
only at a single position. DNA fragments produced by PCR
are subjected to electrophoresis through a linearly
increasing gradient of temperature (or a concentration
gradient of denaturing agents such as urea and formamide
in the case of DGGE). Nucleotide substitutions and other
small changes in the DNA sequence are associated with
additional bands following TGGE.

The electrophoretic mobility of DNA fragments differs
according to whether the fragment is completely double
helical, if one or more melting domains has dissociated, or
if complete dissociation to two single-stranded molecules
has occurred. The electrophoretic mobility of a double
helical (nondenatured) DNA fragment is not significantly
altered by single nucleotide substitutions within it, but it is
primarily dependent on the length and perhaps the curva-
ture of the fragment (Haran et al., 1994). Therefore,
assuming that PCR products contain a mixture of two DNA
fragments that differ at a single position, as would be the
case of a genomic variant in heterozygosity, then both
fragments will initially progress through the gel at the same
speed. When the molecules reach that point in the gel
where the temperature equals their Tm, the molecules will
experience a decrease in mobility owing to a transition from
a completely double helical (duplex) conformation to a
partially denatured one. Dissociation of the first or first few
melting domains generally results in a dramatic reduction in
the mobility of the DNA fragment, because the fragment
takes on a complex, branched conformation. Due to the
strong sequence dependence of the Tm, dissociation and
consequent retardation of electrophoretic mobility occur at
different levels of the temperature gradient associated with
bands at different positions in the gel (Myers et al., 1987).
In addition to the two homoduplex molecules (wt/wt and
mt/mt), two different heteroduplex molecules (wt/mt and
mt/wt) can be formed by dissociating and reannealing DNA
fragments containing a heterozygous mutation prior to
performing TGGE (Fig. 3.3A). Heteroduplex fragments
then contain unpaired bases or “bulges” in the otherwise
double helical DNA, resulting in a significant reduction in
the Tm of the affected melting domain (Ke and Wartell,
1995). The Tm of the two heteroduplex molecules are
generally different from one another, so that each hetero-
duplex is separately visible in the gel. As such, a genomic
variant in heterozygosity will thus be visualized by the
appearance of four bands: a band representing the normal
allele (homoduplex), a band representing the mutant
homoduplex that will lie above or underneath the wild type
homoduplex band, depending on the effect of the variant on
the Tm, and two heteroduplex bands that are always above
the homoduplex bands (Fig. 3.3B; Myers et al., 1987).
Mutant and wild type homoduplex bands are separated by
2e10 mm in a typical polyacrylamide gel, and the
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heteroduplex bands are often 3 or more cm above the
homoduplex bands.

An important issue in both TGGE (and DGGE) is that
genomic variants are detectable only in the melting do-
main(s) with the lowest Tm. As such, it becomes prob-
lematic to visualize genomic variants that are present in
DNA fragments with multiple melting domains with
different Tm, since once the DNA fragments reach the
temperature at which the first melting domain dissociates,
the mobility of the fragment is greatly reduced so that it
may not reach temperatures relevant for the higher Tm

domains under the conditions of the experiment. In other
words, only mutations within the lowest Tm domain can be
reliably detected by TGGE or DGGE (Myers et al., 1987).

To overcome this bottleneck, the concept of the GC-
clamp has been introduced. The GC-clamp is a 135-bp-
long GC-rich sequence that is attached to the fragment to be
analyzed in the amplification step. Without the GC-clamp,
only variants present in the lowest melting domain (the one
with the lower Tm) could be visualized in the gel. However,
owing to its high GC content, the GC-clamp has a

significantly higher Tm than most naturally occurring se-
quences, and as such, the addition of the GC-clamp
significantly alters the melting properties of any sequence,
allowing the detection of any variant in this fragment
(Myers et al., 1985a). It has been shown that the addition of
a 40-nucleotide-long G þ C-rich sequence to one of the
two PCR primers, a GC-clamp can be conveniently added
to any DNA fragment produced by PCR (Sheffield et al.,
1989). It is also possible to use a universal GC-clamp that is
incorporated into amplified DNA fragments during PCR,
thereby avoiding the expense of synthesizing long primers
(Top, 1992). Psoralen-modified PCR primers can be alter-
natively used to GC-clamps. One of the two PCR primers is
50 modified by 5-( -hexyloxy)-psoralen. The 50 terminus of
the primer should have two adenosine residues; if the nat-
ural sequence does not have AA, this sequence should be
appended to the specific DNA sequence of the primer.
Psoralens are bifunctional photoreagents that can form
covalent bonds with pyrimidine bases (especially thymi-
dine). If intercalated at 50-TpT in double helical DNA (this
will be the complementary sequence of the 30 terminus of

FIGURE 3.3 (A) Mechanism of heteroduplex formation. In the case of heterozygous point mutations in genetic disorders (indicated with an asterisk), the
polymerase chain reaction produces two alleles differing only at the position of the point mutation. Wild type and mutant molecules are present at an
approximately 1:1 ratio. Denaturation followed by reannealing of these molecules produces both wild type and mutant homoduplex molecules (Hom) as
well as two heteroduplex molecules, consisting of a wild type and a mutant strand (Het). (B) Parallel temperature- and denaturing-gradient gel elec-
trophoresis (DGGE). Mutation screening is generally performed with the temperature or denaturing gradient parallel to the direction of electrophoresis. In
this example, the results of electrophoresis from top to bottom for a hypothetical family segregating an autosomal recessive disorder are shown. Case 2 is
normal, carrying only the wild type allele; Case 3 is heterozygous for a point mutation, resulting in the appearance of an additional homoduplex band as
well as two additional heteroduplex bands (Het). Case 1, who is homozygous for the mutation, shows just the mutant homoduplex band (Hom).
(C) Mutation detection using DGGE analysis. Screening for the GC-158 C > T polymorphism in the promoter region of the human HBG2 (GC-globin)
gene. Lanes 3 and 4 correspond to homozygous samples for that polymorphism. Lane 2 corresponds to a heterozygous sample, and lane 1 corresponds to a
sample that does not carry this polymorphism on either of the two alleles. Photo courtesy of George P. Patrinos.
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the other strand following PCR), psoralen forms a covalent
bond with thymidine after photoinduction (Costes et al.,
1993b). Photoinduction can be performed by exposing the
PCR products to a source of ultraviolet (UV) light (365) for
5e15 min, which can be conveniently done in the original
PCR tubes or a 96-well plate. Psoralen clamping is some-
times preferred over GC-clamping because the PCR is often
easier to optimize, and bipolar clamping is possible if
necessary. Psoralen modification of primers is available
from many commercial oligonucleotide sources.

To optimize the gel running conditions, a computer
program, such as Melt94, can be used, but it would still be
necessary to perform some preliminary experiments to
determine the optimal electrophoresis conditions and
running times and to confirm that the optimal denaturing
gradient has been chosen to ensure that bands get well-
separated. The Melt87 program calculates the Tm for each
bp in the DNA fragment, that is, the temperature at which
50% of the individual molecules are double helical and
50% of the molecules are in a fully melted state. The results
of such a calculation are termed the “melting map,” where
DNA fragments are shown to be typically divided into
distinct melting domains of about 50e300 bp in length, in
which all bps have nearly identical Tm. The melting map
demonstrates the lowest melting domain in the DNA
fragment; as mentioned earlier, only genomic variants in
this region will be visible by DGGE or TGGE analysis.
Similarly, to choose the optimal denaturant concentration
range, specific software (SQHTX, Lerman and Silverstein,
1987) can be used, which calculates the difference in
temperature at which the homoduplex and the heteroduplex
molecules partially melt. Subsequently, the optimization
process begins with a perpendicular TGGE experiment, in
which electrophoresis is performed perpendicularly to the
temperature gradient. Perpendicular TGGE is run with a
gradient of 20e60�C, which will be adequate for the vast
majority of PCR fragments.

3.3.4 Denaturing Gradient Gel
Electrophoresis

DGGE is a form of polyacrylamide gel electrophoresis in
which a double-stranded DNA fragment migrates into a
gradient of linearly increasing denaturing conditions,
instead of temperature, which is functionally equivalent to
the temperature gradient of TGGE. The denaturants used
are heat (a constant temperature of generally 60�C) and a
fixed ratio of formamide (ranging from 0 to 40%) and urea
(ranging from 0 to 7 M). The temperature of 60�C was
empirically chosen to exceed the Tm of an AT-rich DNA
fragment in the absence of a denaturant. Higher tempera-
tures (e.g., 75�C) can be employed for very GC-rich DNA
sequences. To achieve a uniform temperature distribution

the electrophoresis unit is submerged into a circulating
water bath.

DGGE, like TGGE, has been used to investigate a large
number of disease genes. Due to the relative ease of
detecting genomic variants in heterozygosity, mainly owing
to the occurrence of the heteroduplexes, TGGE and DGGE
have been particularly useful for disorders characterized by
heterozygous variants or frequent de novo mutations
(reviewed in Fodde and Losekoot, 1994). In light of the
effort involved in designing primers and optimizing con-
ditions, TGGE or DGGE is generally reserved for situations
when large numbers of samples are to be screened for
mutations.

Most mutation screening protocols involve the simul-
taneous analysis of 24 or more samples on one parallel
TGGE/DGGE. In general, altered band patterns are easy to
spot. The classical appearance of heterozygous mutations
(Fig. 3.3C) is due to the appearance of three additional
bands. With some mutations, only one or two additional
bands are seen. In general, without GC-clamping, Myers
et al., (1985b) have shown a detection rate of nearly 40% of
the sequence variants in a DNA fragment up to 500 bp, but
the addition of psoralen or GC-clamps can significantly
improve the detection rate, in most cases up to 100%. The
sensitivity of TGGE/DGGE for detecting known variants is
generally reported to be almost 100%, as in the case of the
CFTR gene, where DGGE detected 201 of 201 known
variants (Macek et al., 1997). Also, TGGE and DGGE have
been shown to be very sensitive in the detection of muta-
tions in situations where the mutation sequence is present in
proportions less than 50%, such as in the case of hetero-
plasmy in mitochondrial disorders with heteroplasmic
proportions of as low as 1% (Tully et al., 2000), as well as
in testing for residual disease in cancer (Ahnhudt et al.,
2001; Alkan et al., 2001).

There have also been several variations of the main
DGGE and TGGE themes, such as broad range DGGE,
where a single gel and a single set of conditions are used to
screen all of the exons of one gene (Guldberg and Guttler,
1994; Hayes et al., 1999); multiplex DGGE, where several
exons are simultaneously analyzed in one DGGE gel
(Costes et al., 1993a); genomic DGGE, where genomic
DNA is digested with a restriction enzyme, electrophoresed
by DGGE, transferred to a nylon membrane, and hybrid-
ized to a unique DNA probe (Borresen et al., 1988); con-
stant DGGE (cDGGE), where gels contain constant
concentrations of denaturants, allowing for an increased
resolution of mutant fragments since they will constantly
migrate with a different electrophoretic mobility through
the whole length of the gel (Hovig et al., 1991); constant
denaturant capillary electrophoresis, where the separation
of DNA fragments is achieved by the differential velocity
of partly melted DNA in a medium with a uniform dena-
turant concentration (also available in an array-based
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format); chip-based temperature gradient capillary elec-
trophoresis (Zhang et al., 2007); temporal temperature
gradient gel electrophoresis, where a constant concen-
tration of urea or formamide is used, as in cDGGE, but the
temperature during the run is gradually increased (Yoshino
et al., 1991; Wiese et al., 1995); microtemperature-gradient
gel electrophoresis, where a minimized gel
(20 � 20 � 0.5 mm) is used to minimize the amount of
DNA required and the running time (approximately 12 min
at 100 V, 10 mA; Biyani and Nishigaki, 2001; Tominaga,
2007); double-gradient, denaturing gradient gel electro-
phoresis, where in addition to the chemical denaturing
gradient (formamide and urea) a sieving gradient
(e.g., 6e12% polyacrylamide gradient) is used (Cremonesi
et al., 1997); two-dimensional DNA fingerprinting/two-
dimensional gene scanning, combining the size separation
of DNA fragments in the first dimension with their
sequence-specific separation through DGGE in the second
dimension; denaturing HPLC, using an ion-pair chroma-
tography separation principle combined with a precise
control of the column temperature and optimized mobile
phase gradient for the separation of mutant DNA molecules
(reviewed in Xiao and Oefner, 2001); and cycling gradient

capillary electrophoresis, where DNA sequence variants
are detected based on their differential migration in a
polymer-filled capillary system, allowing multiple samples
to be analyzed into the same capillary (or set of capillaries)
separated by predefined time intervals of partial electro-
phoresis (e.g., a 96-capillary system is able to screen over
15,000 samples in 24 h; Minarik et al., 2003).

There have been several diagnostic applications of both
DGGE and TGGE (Table 3.1). However, the gradual use of
other high-throughput techniques, such as microarrays and
next-generation sequencing, has led to the displacement of
TGGE and DGGE.

3.4 CONCLUSIONS

All of the techniques described earlier have been extremely
popular and constitute the basis on which several diagnostic
laboratories are operating. Allele-specific mutation detec-
tion methods, particularly PCReARMS and PCReASO,
are feasible and quite straightforward with a comparably
high degree of accuracy and specificity, although they are
only suitable for low-throughput laboratories.

TABLE 3.1 Indicative Examples of Denaturing Gradient Gel Electrophoresis Applications for Molecular Diagnostics

Application Gene References

Screening of genes in the human nu-
clear genome

COL1A2 Borresen et al. (1988)

SERPINA1 Hayes (2003)

HBG1/HBG2 Patrinos et al. (1998, 2001)

TP53 Pignon et al. (1994)

FBN1 Tiecke et al. (2001), Katzke et al. (2002), and Robinson et al.
(2002)

NF1 Peters et al. (1999) and Fahsold et al., 2000

DMD Hofstra et al. (2004)

HBD Papadakis et al. (1997)

HBB Losekoot et al. (1990)

MEN1 Balogh et al. (2004)

Human Leukocyte
Antigen typing

Uhrberg et al. (1994) and Knapp (2005)

Single nucleotide
polymorphism discovery

Hsia et al. (2005) and Maher et al. (2006)

Mitochondrial genome Mitochondrial variants Hanekamp et al. (1996) and Chen et al. (1999)

Molecular microbiology Bacterial analysis Muyzer and Smalla (1998), van Elsas et al. (2002), Deng et al.
(2008), and Ercolini (2004)

Microbial genome
profiling

Watanabe et al. (2002)

Viral genome screening Lu et al. (2002) and Motta et al. (2002)

Plant molecular biodiversity Gomes et al. (2003) and Nikolcheva et al. (2003)
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Similarly, SSCP and HDA, being simple, reliable, and
sensitive methods for the detection of nucleotide sequence
changes in genomic loci, are broadly used for the DNA
analysis of human cancers and other genetic disorders.
TGGE, DGGE, and the closely related methods provide a
very high sensitivity and are relatively easy and cheap al-
ternatives to perform once the assays have been designed
and optimized. The main advantages of all of these ap-
proaches are a high detection rate and specificity and
improved heterozygote detection. The main disadvantages
are the limitations of the PCR fragment length (300e500
nucleotides) and the difficulties of analyzing GC-rich
fragments (in the case of DGGE/TGGE).

Although these techniques once dominated in molecular
diagnostics laboratories, they gradually tend to be aban-
doned. Nevertheless, it is noteworthy that some of these
methodologies, such as allele-specific mutation detection,
set the standards for the development of high-throughput
systems, such as microarrays for the purpose of large-
scale SNP genotyping that concern genome scans and
DNA diagnostics of genetic, acquired, and infectious dis-
eases (see also Chapter 18). Initial efforts, attempted for
HBB mutation screenings in an array format (Foglieni et al.,
2004), have paved the path for the development of today’s
high-throughput microarrays.
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Chapter 4

Quantitative Polymerase Chain Reaction

L. Overbergh, S. Vig, F. Coun and C. Mathieu
KU Leuven, Leuven, Belgium

4.1 HISTORY OF THE POLYMERASE
CHAIN REACTION

The polymerase chain reaction (PCR) is a technique based
on the exponential amplification of nucleic acids by the
thermostable Thermus aquaticus (Taq) polymerase. The
method uses a pair of synthetic oligonucleotide primers,
each hybridizing to one strand of a double-stranded DNA
(dsDNA) target of interest, with the pair spanning a region
that will be exponentially amplified. The annealed primers
act as a substrate for the Taq DNA polymerase, creating a
complementary DNA strand via the sequential addition of
deoxynucleotides (dNTPs), which have been added to the
reaction mixture (Fig. 4.1). Experimentally, the process
most typically consists of three steps:

1. a denaturation step at 94 or 95�C,
2. primer annealing to the single stranded DNA (ssDNA)

strands at 55e65�C, and
3. a primer extension at 72�C.

By repeating these steps for a number of times, usually
30 to 40 cycles, the resulting DNA target sequence will be
amplified exponentially, resulting in billions of copies of
the so-called “amplicon.” Based on this simple principle, a
classical PCR amplification reaction will consist of three
phases in time (Fig. 4.2):

1. Exponential amplification: At every cycle, the amount
of product is doubled (assuming 100% reaction effi-
ciency). The reaction is very sensitive and specific.

2. Linear phase (leveling off): The reaction slows down,
due to decreasing activity of the Taq DNA polymerase
and the consumption of reagents such as dNTPs and
primers.

3. Plateau phase: The reaction has ended, and no more
nucleic acids are synthesized due to the exhaustion of
reagents and the Taq DNA polymerase.

The technique was first described by Kary Mullis in the
1980s (Faloona et al., 1986), for which he received the
Nobel Prize in 1993. This classic end-point PCR is a yes/no
reaction because it measures DNA product formation after
a fixed number of cycles, that is, in the plateau phase of the
reaction, thus resulting in qualitative information on the
presence or absence of a certain gene or mRNA, but not
revealing any information on the quantity of DNA or RNA.
This PCR technique has become one of the most influential
tools in the biological and medical sciences (Guyer and
Koshland, 1989).

Over the years, numerous adaptations and applications
to this classic end-point PCR have been described,
including semiquantitative PCR and quantitative competi-
tive PCR, before the introduction of real-time PCR. A first
adaptation measured PCR product accumulation during the
exponential phase of the reaction, resulting in semi-
quantitative data. This method necessitates interruption of
the PCR reaction after an experimentally determined
number of cycles. Furthermore, samples from a single
experimental setup can be analyzed only over a relatively
small linear range. Alternatively, competitive PCR has
been developed, resulting in quantitative data. This
method, however, needs extensive optimization, since it
requires the coamplification of an internal cDNA or RNA
control; the latter are specifically used in applications of
reverse-transcriptase-quantitative PCR (qPCR; see later)
(competitor) with the unknown sample in the same tube. In
this case, quantification is performed by titrating an un-
known amount of target template against a dilution series
of known amounts of the standard. The internal control
consists of target DNA or RNA that has been slightly
modified. Thus one set of primers is designed that coam-
plifies the target and the competitor, with the same effi-
ciency, although they can be distinguished from each other
by, for instance, a difference in length or restriction sites
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FIGURE 4.2 Typical course of a polymerase chain reaction (PCR) amplification plot. A PCR reaction consists of three phases: the exponential
phase, the linear phase, and the plateau phase. In a classical PCR amplification plot, the number of cycles is plotted against the DRn signal (the difference
between the fluorescence detected at a certain point of the reaction and the initial fluorescence or the fluorescent emission of the baseline), shown in the
linear phase (A) or in the logarithmic phase (B). The threshold is chosen based on the variation of the baseline. The threshold cycle is the point where the
detected fluorescence crosses this given threshold.

FIGURE 4.1 Principle of polymerase chain reaction (PCR). PCR is a technique based on the exponential amplification of nucleic acids. The method
uses a pair of synthetic oligonucleotide primers, each hybridizing to one strand of a dsDNA target of interest, with the pair spanning a region that will be
exponentially amplified by a Taq DNA polymerase, creating a complementary DNA strand. The process typically consists of three steps: (1) denaturation
at 94 or 95�C; (2) primer annealing at 55e65�C; and (3) primer extension at 72�C. By repeating these steps for a number of times, usually 30 to 40 cycles,
the resulting DNA target sequence will be amplified exponentially, resulting in billions of copies of the amplicon.



(Clementi et al., 1994). This method provides a strategy for
accurate quantification, but the construction of internal
standards is technically sophisticated and labor intensive.

For the detection of PCR products using either of these
methods several detection techniques can be used, which all
require excessive post-PCR manipulations. The most clas-
sically used are agarose gel electrophoresis with ethidium
bromide or SYBR Green staining, fluorescent labeling and
analysis using polyacrylamide gels, radioactive labeling,
and Southern blotting or detection by phosphorimaging.
Major drawbacks using these classical detection systems
are the use of hazardous chemicals and the potential risk for
laboratory contamination. Moreover, all of these post-PCR
manipulations are very time-consuming.

The development of a new procedure in the early
1990s for the analysis and quantification of DNA or RNA,
based on fluorescence-kinetic real-time PCR, enabled the
quantification of the PCR product in real-time (Higuchi
et al., 1993; Gibson et al., 1996; Heid et al., 1996). This
sensitive and accurate technique permits the quantification
of the PCR product during the exponential phase of the
PCR reaction. This is in full contrast to the classic end-
point assays, as they are designed to provide information
as rapidly as the amplification process itself, thus requiring
no post-PCR manipulations. The development of this real-
time (nowadays more often referred to as qPCR) technique
again had a revolutionary impact on molecular biology.
Indeed, the technique is widely used in research and in
diagnostics, with countless researchers contributing to the
exponential growth of PCR usage in a wide range of
applications, such as DNA-, RNA- (coding mRNA, non-
coding snRNA, and microRNA), or, more recently, pro-
tein- (immuno- or proximity ligation assay qPCR) based
applications. Today, qPCR is recognized as the gold
standard in the quantitative analysis of nucleic acids
because of its high sensitivity and reproducibility, broad

dynamic range, ease of use, and relatively low cost.
Reverse transcriptase qPCR (RT-qPCR), another tech-
nique that allows quantitative measurements of RNA, was
introduced at approximately the same time as qPCR. The
latter consists of an additional step, namely, the conver-
sion of RNA into complementary DNA by an enzymatic
reverse transcriptase reaction. The RT-qPCR technique
also follows the same exponential growth over time,
although at a lower level (Fig. 4.3A and B).

4.2 PRINCIPLE OF REAL-TIME
POLYMERASE CHAIN REACTION

About 10 years after the introduction of the classical end-
point PCR technique, the introduction of dual-labeled
oligonucleotide probes led to the invention of qPCR.
Over the years, this new revolutionary technique has
introduced different kinds of detection methods, which are
all used today: hydrolysis probes, intercalating dyes, hy-
bridization probes, primeeprobe combinations, and modi-
fied nucleic acids.

4.2.1 Quantitative Polymerase Chain
Reaction Using Hydrolysis Probes

Real-time PCR was first described using hydrolysis probes
(Heid et al., 1996; Gibson et al., 1996), often referred to as
the TaqMan system. The technique is based on the coupling
of two important processes: first, the construction of dual-
labeled oligonucleotide probes, also called hydrolysis or
TaqMan� probes, which emit a fluorescent signal upon
cleavage, based on the principle of fluorescence resonance
energy transfer (FRET), a mechanism allowing energy
transfer between two light-sensitive molecules through
nonradiative dipoleedipole coupling (Stryer, 1978;
Cardullo et al., 1988); and second, the discovery that the

FIGURE 4.3 Real-time polymerase chain reaction (PCR) publications. The keywords “real time,” “realtime,” or “real-time” and “PCR”’ (A) or “real
time,” “realtime,” or “real-time” and “reverse transcription PCR” were typed into the PubMed search engine (http://www.ncbi.nlm.nih.gov/pubmed). The
number of citations by year is shown. (A) qPCR publications; (B) RT-qPCR publicatons.
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Taq DNA polymerase possesses, next to its 30-> 50 poly-
merase activity, a 50-> 30 exonuclease activity, which can
be exploited to degrade the fluorescent labeled probe
(Holland et al., 1991). The oligonucleotide probe used
in this assay is nonextendable at its 30 end and is dual-
labeled with a reporter fluorochrome, for example, FAM
(6-carboxyfluorescein), and a quencher fluorochrome, for
example, TAMRA (6-carboxy-tetramethylrhodamine). It is
designed to anneal to the target sequence internally of the
primers during the annealing and extension phase of the
PCR reaction. In its free, intact form, no fluorescent
emission can be measured, because fluorescent emission of
the reporter dye is absorbed by the quenching dye. How-
ever, upon annealing of the probe to one of the target
strands, the probe will become degraded by the 50-> 30

exonuclease activity of the Taq polymerase. Consequently,
the reporter and quencher dye become separated, and the
reporter dye emission is no longer transferred to the
quenching dye (no more FRET), resulting in an increase of
reporter fluorescent emission (e.g., for FAM at 518 nm).
This process occurs in every cycle and does not interfere
with the exponential accumulation of the PCR product. The
increase in fluorescence is measured cycle by cycle and
directly correlates with the amount of PCR product formed
(Gibson et al., 1996; Heid et al., 1996) (Fig. 4.4).

Other reporter dyes are available apart from the classi-
cally used fluorescent reporter dye FAM. These
include TET (tetrachloro-6-carboxyfluorescein), JOE
(2,7,-dimethoxy-4,5-dichloro-6-carboxyfluorescein), HEX
(hexacholoro-6-carboxyfluorescein), VIC, Texas Red, or
Cy5. The choice of different reporter dyes, with a minor
overlap in the fluorescent emission spectra, makes it
possible to perform multiplex PCR reactions, thus simul-
taneously amplifying different DNA targets. Similarly,
there is a choice between different quencher dyes. The most
classically used quencher dye is TAMRA. DABCYL
(4-(4Ά-dimethylaminophenylazol) benzoic acid) also can
be used as a quencher dye, but its use is much more
prevalent in the molecular beacons probes (see later). An
advantage of using DABCYL is its reduced auto-
fluorescence compared to TAMRA. In addition, several

dark quencher fluorochromes have become available,
which are used more frequently than the classical
quenchers. They absorb the energy that is emitted by the
reporter dye and release it as heat rather than as fluores-
cence. This results in a lower background signal and thus a
higher sensitivity.

Another probe design of special interest are minor
groove binding probes (MGB). These are, like the Taq-
Man probes, hydrolysis probes with a minor groove
binding molecule attached to the end of the probe,
resulting in a higher affinity to the complementary DNA
target region, allowing for the construction of shorter
probe designs with increased specificity. These are more
sensitive, especially to single base mismatches, and are
therefore ideally suitable for single nucleotide poly-
morphism (SNP) detection and allelic discrimination
(Kutyavin et al., 2000).

4.2.2 Quantitative Polymerase Chain
Reaction Using DNA Intercalating Dyes

A second widely used qPCR technique is based on the
detection and quantification of PCR products using fluo-
rescent DNA intercalating dyes. The principle of this tech-
nique was first described by Higuchi (Higuchi et al., 1993),
who monitored the increase in ethidium bromide fluores-
cence using a charge-coupled device camera, a method
that was referred to as kinetic PCR. Shortly thereafter,
SYBR Green I (N0,N0-dimethyl-N-[4-[(E)-(3-methyl-1,3-
benzothiazol-2-ylidene)methyl]-1-phenylquinolin-1-ium-2-
yl]-N-propylpropane-1,3-diamine), an asymmetric cyanine
dye that is less toxic than ethidium bromide, became
widely used as a dye that incorporates into dsDNA (Zipper
et al., 2004). In the meantime, a whole range of other
asymmetric cyanine dyes became available, such as SYBR
Green Save, EvaGreen, SYBR Gold, SYTO, BEBO (4-
[(3-methyl-6-(benzothiazol-2-yl)-2,3-dihydro-(benzo-1,3-
thiazole)-2-methylidene)]-1-methyl-pyridinium iodide)
(Bengtsson et al., 2003), and BOXTO (4-[6-(benzoxazole-
2-yl-(3-methyl-)-2,3-dihydro-(benzo-1,3-thiazole)-2-
methylidene)]-1-methyl-quinolinium chloride) (Ahmad,

FIGURE 4.4 Hydrolysis or TaqMan probes. The dual-labeled TaqMan probe is cleaved by the 50 exonuclease activity of the Taq DNA polymerase
during the extension step of the polymerase chain reaction. The reporter fluorophore (R) and quencher (Q) are separated, which results in an increase in
fluorescent emission.
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FIGURE 4.5 DNA intercalating dyes. DNA intercalating dyes incorporate into the minor groove of dsDNA. In solution no fluorescent light is
emitted (green circle), but when incorporated into dsDNA the dye will emit fluorescent light (green star).

FIGURE 4.6 Post-polymerase chain reaction (PCR) melting curve analysis when using DNA intercalating dyes. By slowly increasing the tem-
perature after the PCR amplification reaction from 60�C to 95�C, the dye fluorescence drops rapidly when the dsDNA melts into ssDNA strains (A). The
first negative derivative of the fluorescence (y-axis) is plotted against the temperature (x-axis) (B and C). In the case of specific DNA amplification a single
peak (peak one) is observed (B), while in the case of primer-dimer formation a second peak at a lower temperature (peak two) is observed (C). Tm, melting
temperature.
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2007). All of these dyes incorporate into the minor groove
of dsDNA, by which its fluorescence is greatly enhanced.
During the PCR reaction, the amount of double-stranded
target will increase exponentially, paralleled by an in-
crease in dye incorporation and fluorescent emission. In
each cycle the fluorescent emission will increase gradually
during the extension phase of the reaction and will be low
or absent during the denaturation phase (Fig. 4.5).
Different disadvantages have been reported for the use of
SYBR Green I, as opposed to other DNA intercalating
dyes, such as inhibition of PCR amplification in a
concentration-dependent manner, effects on the DNA
melting temperature, and preferential binding to specific
DNA sequences (Gudnason et al., 2007). Despite this,
SYBR Green I still remains the most widely used inter-
calating dye.

The greatest advantage of the use of intercalating dyes
as opposed to the use of fluorescent labeled probes or
primers is that they can be used with any pair of primers for
any target. Because of this, the method can be easily used
for multiplex PCR assays. Moreover, it is a cheaper alter-
native and requires less specialist knowledge than the
design of fluorescent labeled probes. Consequently, the
specificity is diminished due to the risk of amplifying
nonspecific PCR products or primer dimers. After termi-
nation of the PCR reaction a melting curve analysis has to
be performed to discriminate between specific and
nonspecific PCR products (Ririe et al., 1997). In this way,
the fraction of fluorescence originating from the specific
target can be distinguished from that originating from
primer dimers or nonspecific amplification products. This
analysis is performed by slowly increasing the temperature
from 60�C to 95�C, during which fluorescent emission is
monitored continuously. Fluorescent emission will be high
at low temperatures (when all PCR products are double
stranded), and it will decrease dramatically around the
melting temperature of the PCR product. The rationale
behind this melting curve analysis is based on the fact that
PCR products of different lengths and/or guanine-cytosine
content will have different melting temperatures, which will
result in distinct peaks when plotting the first negative
derivative of the fluorescence versus the temperature.
Because of their shorter length, primer dimers will, for
instance, have a lower melting temperature as compared to
the specific PCR product. This will consequently lead to a
fluorescent peak at a lower temperature when plotting the
first negative derivative of the fluorescence versus the
temperature. On the other hand, a PCR product resulting
from, for instance, contaminating genomic DNA, will have
a higher melting temperature, which will again be reflected
in the first negative derivative of the fluorescence versus the
temperature (Fig. 4.6).

4.2.3 Quantitative Polymerase Chain
Reaction Using Hybridization Probes

Quantitative PCR analysis with hybridization probes uses
two juxtaposed sequence-specific probes, also known as
HybProbes. The development of this system was first
described in the mid-1980s (Heller and Morrison, 1985).
Each probe has a single fluorescent reporter; the first one is a
donor fluorophore at its 30 end, and the other is an acceptor
fluorophore at its 50 end. The sequences of the two probes
are designed to anneal to the target sequences in very close
proximity to each other (i.e., within 1e5 nucleotides), in a
head-to-tail arrangement, bringing the two dyes very close
to each other. As long as the probe is in its free, unbound
form, the fluorescent signal from the reporter dye is not
detected. However, during the annealing phase of the PCR
reaction, the probes anneal to the target sequence, and the
two fluorophores come in close proximity to each other.
This will result in the emission of light from the donor
fluorochrome, which will excite the acceptor fluorochrome,
a process referred to as resonance energy transfer. The dye
in one of the probes transfers energy, allowing the other one
to dissipate fluorescence at a different wavelength. The
amount of fluorescence emitted can be measured during the
annealing phase of the PCR reaction and is directly pro-
portional to the amount of target DNA generated during the
PCR process (Bernard and Wittwer, 2000) (Fig. 4.7). Hy-
bridization probes are usually constructed with FAM as the
30 donor fluorophore, and a range of different acceptor
fluorophores are commonly used (e.g., ROX, Cy5, LC
Red640, LC Red705) as the 50 acceptor fluorophore.

Another form of hybridization probes are the molecular
beacons, which contain a stem-and-loop structure in their
intact, unbound form. They are dual-labeled, with a fluo-
rophore linked to one end of the molecule and a quencher
linked to the other end (Tyagi and Kramer, 1996). Fluo-
rescence is quenched when the probe is in its hairpin-like
structure due to the proximity between the quencher and
the fluorophore, resulting in the complete absorption of any
photons emitted by the fluorophore. When the probe
sequence in the loop anneals to a complementary target
sequence, a conformational change allows the formation of
a linear structure whereby fluorescent energy transfer no
longer occurs, resulting in an increase in fluorescence
emission (Fig. 4.8). Molecular beacons are especially
suitable for identifying point mutations. They can distin-
guish targets that differ by only a single nucleotide, and
they are significantly more specific than conventional hy-
drolysis probes of equivalent length.

Other examples of hybridization probes that have been
developed are HyBeacon�, MGB-Pleiades, MGB-Eclipse,
ResonSense�, Yin-Yang, or displacement probes.
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4.2.4 Quantitative Polymerase Chain
Reaction Using Primer Probes

A variant of the classic hybridization probes uses a fluo-
rescent labeled primer/probe combination. In this case, a 50-
labeled hybridization probe is designed to anneal to the
PCR strand in close proximity to one of the PCR primers,
which has a fluorophore at its 30 end. This method requires
that the fluorescently labeled primer be positioned near the
probe, usually within five base pairs, to allow for adequate
resonance energy transfer with the complementary probe
(Von Ahsen et al., 2000). In this category different types of
primer-probe systems have been developed, such as the
Scorpions�, Amplifluor� probes or Sunrise system, LUX�,
Cyclicons, ResonSense�, and Angler� probes (Lee et al.,
2002), all making use of two oligonucleotides: a primer and
a fluorescent molecule, which combines the primer and
probe functions. The two oldest developments in this group
are the Scorpion� system (Whitcombe et al., 1999) and the
Amplifluor� probes (Nazarenko et al., 1997). In these
primer/probe combinations, a primer sequence is linked to a
specific probe sequence that is held in a hairpin-loop form.

The stem-loop tail is separated from the primer by a PCR
blocker to prevent the Taq DNA polymerase from ampli-
fying the stem-loop sequence. This configuration brings the
fluorophore into close proximity to the quencher and avoids
fluorescence. As soon as annealing between the primer/
probe and the target occurs, the hairpin is opened, and the
fluorophore and quencher are separated, resulting in an
increase in fluorescence emission (Fig. 4.9). In the case of
LUX� probes, which also have a hairpin structure, the 30-
end acts as a primer, which contains a single reporter
fluorescent dye (Nazarenko et al., 2002) but does not
require the presence of an internal quencher. Scorpions�

differ from molecular beacons and hydrolysis probes in that
their structure promotes a unimolecular probing mecha-
nism. This results in a stronger fluorescent signal, espe-
cially under fast cycling conditions (Thelwell et al., 2000).

4.2.5 Real-Time Polymerase Chain
Reaction Using Modified Nucleic Acids

In all of the different assay designs described earlier, the
labeled primers or probes are synthesized based on

FIGURE 4.7 Hybridization probes. Two probes are used: one carrying an acceptor fluorophore, and the other carrying a donor fluorophore. When both
fluorophores are brought into close proximity, that is, when the probes anneal to the target sequence, the donor is able to excite the acceptor through
fluorescence resonance energy transfer, and fluorescence emission will occur.

FIGURE 4.8 Molecular beacons.Molecular beacons are hairpin-shaped probes. The fluorophore and quencher are in close proximity when the probe is
in its free, unbound state. When the probe anneals to the complementary target sequence, its conformation will change. The quencher and fluorophore are
separated, causing fluorescence emission.
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classical nucleic acids. For specific applications synthetic
analogues are also used. This is the case in the locked
nucleic acid (LNA) probes. LNA is a chemically modified
RNA molecule in which the ribose moiety has an extra
bridge connecting the 20 oxygen and the 40 carbon
(Fig. 4.10A). Such modification significantly increases the
hybridization affinity of the probe with DNA or RNA. Due
to this capacity, very short probes can be designed,
resulting in a very high binding efficiency to their com-
plementary DNA, making them particularly suitable for
SNP detection or miRNA quantification (Bonetta, 2005).
An example of LNA probes are the tiny molecular

beacons, which are shorter probes than the classical mo-
lecular beacons described earlier (Catrina et al., 2012).
More recent developments making use of chemically
modified nucleic acids include the peptide nucleic acids
(PNAs). PNAs are artificially synthesized polymers
composed of a backbone of repeating N-(2-aminoethyl)-
glycine units linked by peptide bonds (Nielsen et al.,
1991) (Fig. 4.10B). The probe is an uncharged molecule
due to the absence of phosphate groups. Therefore it hy-
bridizes faster and binds with a much higher affinity to
DNA or RNA, forming stronger duplexes as compared to
DNA/DNA duplexes. As for LNA probes, this makes

FIGURE 4.9 Scorpions. Scorpions are single-stranded, dual-labeled fluorescent primer/probes with a hairpin-shaped structure. The primer/probe
contains a 50 end fluorophore and an internal quencher dye directly linked to the 50 end of a polymerase chain reaction (PCR) primer via a PCR blocker. In
the unbound form, no fluorescent emission occurs. When binding to the target sequence, the hairpin shape unfolds, and the loop region of the probe
hybridizes intramolecularly to the newly synthesized target sequence. This results in fluorescent emission, because the fluorophore and quencher are
separated.

FIGURE 4.10 Structure of locked nucleic acids (LNAs) and peptide nucleic acids (PNAs). Chemical structure of LNA (A) and PNA probes (B).
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shorter probe designs possible with a very high specificity.
An example of a PNA probe is the light-up probe, a PNA
probe to which an asymmetric cyanine dye is attached.
Upon probe hybridization the dye binds to the target
DNA, which results in a large enhancement in dye fluo-
rescence (Svanvik et al., 2000).

Another example of modified oligonucleotides with
improved hybridization properties are the Zip Nucleic
Acids (ZNA�), which are designed by conjugating sper-
mine derivatives as cationic units to an oligonucleotide.
This results in a decrease of electrostatic repulsions due to
the polyanionic nature of the nucleic acids, thereby
increasing the affinity of the probe to its DNA target. Like
LNA and PNA probes, they are very well suited for ap-
plications like SNP and miRNA detection and the detection
of very low abundant targets (Moreau et al., 2009; Paris
et al., 2010).

A totally different approach is used in the Plexor�

technology, which makes use of two modified bases, iso-
guanine and 50-methylisocytosine. These bases are known
to form a unique base pair interaction when incorporated
into dsDNA, as they can only pair with each other. One
PCR primer is synthesized with an iso-dC residue and a
fluorescent label at the 50 end. The inclusion of dabcyl-
modified iso-dG nucleotides in the reaction mix will
result in quenching of the fluorescent signal upon incor-
poration of this nucleotide at the position complementary to
the iso-dC residue (Ga�spari�c et al., 2008).

4.3 REAL-TIME THERMAL CYCLERS

Since the development of qPCR in the mid-1990s, instru-
mentation systems have undergone an extensive evolution.
The first available instrument, the 7700 SDS from Applied
Biosystems, took up almost an entire bench area, made use
of an expensive laser as the light source, and had to be
placed in an air-conditioned laboratory. This instrument
was unable to produce a true analysis in real-time, since
data could be viewed only after termination of the PCR
reaction. As the technology improved, systems became
available that allowed the detection of a PCR product from
the moment it was formed, thus in pragmatic real-time.
These newer machines are much smaller in size, and the
laser has been changed for less precious tungsten-halogen
or light-emitting diode lamps. Even portable backpack-
sized instruments have been developed, which can be
used for on-site analysis. These instruments are able to give
results in less than 30 min of analysis time, a rather
important feature, for instance, for the on-site detection of
pathogen outbreaks. Because of the wide range of in-
struments developed by different companies, prices have
dropped significantly, and instruments are becoming a
standard tool for routine molecular and diagnostic
laboratories.

Although all possible applications can be performed on
all instruments, each one has specific advantages and dis-
advantages. The choice for a specific real-time thermal
cycler is therefore dependent on the specific application one
is focusing on. For the quantification of gene expression,
for instance, the length of a run is not the most important
factor, although one would like to choose an instrument
that can analyze a large number of samples simultaneously.
Indeed, for a high sample throughput, a 96-well or even a
384-well system will be the preferable choice. On the other
hand, if the main application is, for example, pathogen
identification, velocity is the main issue, and the best choice
would be a rapid thermal cycler. Most of the thermal cy-
clers are able to perform multiplex PCR, are sensitive and
accurate, and increasingly present user-friendly software.
The rapid evolution in the development of these in-
struments indicates the competitiveness and widespread use
of PCR technology.

4.4 HOW DATA ARE OBTAINED

When performing qPCR, the ability to monitor the ampli-
fication process of the PCR reaction in real-time revolu-
tionizes the way in which the data are obtained. Typically,
the reactions are characterized by the point in time during
the exponential phase of PCR cycling when amplification
of a PCR product reaches a certain detection level, as
opposed to end-point detection, where the amount of
product formed is measured after a fixed number of cycles,
most often in the plateau phase of the reaction. Further-
more, quantification is based on the inherent property of a
PCR reaction, that the more input DNA copies one starts
with, the fewer cycles of PCR amplification it takes to make
a specific number of amplification products. Finally, the
fact that the formation of amplification products linearly
correlates with the amount of fluorescence emission is
exploited in the qPCR assay (Giulietti et al., 2001).

In practice, using any of the developed detection
chemistries on any of the available instruments, the in-
crease in fluorescence emission can be read by a sequence
detector in real-time during the course of the reaction and is
a direct consequence of target amplification during PCR. In
Fig. 4.11, a typical amplification plot is shown in which the
terms and definitions routinely used in qPCR are illustrated.
During the initial cycles of the PCR reaction, there is little
or no change in the fluorescence signal. This stage is the
baseline of the amplification plot. The fluorescence emis-
sion of the product at each time point is measured during
PCR cycling and is defined as Rnþ (Fig. 4.11A). Analo-
gously, Rn� is the fluorescent emission of the baseline. The
increase in fluorescence is calculated by the computer
software program and is plotted on the y-axis as the DRn
value, using the equation DRn ¼ Rnþ � Rn� (Fig. 4.11B).
Thus this value directly correlates with probe degradation

Quantitative PCR Chapter | 4 49



(in the case of hydrolysis or TaqMan probes) or with the
incorporation of dyes (in the case of asymmetric fluorescent
dyes) during the PCR process and consequently with the
formation of a specific PCR product. An arbitrary threshold
is chosen, based on the variability of the baseline, usually
determined as 10 times the standard deviation of the
baseline. This, of course, can be changed manually for each
individual experiment if necessary. Threshold cycle (Ct)
values are then calculated by determining the point at
which the fluorescence exceeds this chosen threshold. Ct is

reported as the cycle number at this point. Therefore Ct
values decrease linearly with increasing input target quan-
tity. This is used as a quantitative measurement of the input
target.

4.5 HOW DATA ARE QUANTIFIED

Two different methods are commonly used to quantify the
results obtained by qPCR: the standard curve method and
the comparative threshold method. A third elegant method

FIGURE 4.11 Polymerase chain reaction (PCR) amplification plot of a dilution series. Five points of serial 10-fold dilutions of input DNA amplified
by quantitative polymerase chain reaction. (A) The fluorescence emission of the product at each time point is measured during PCR cycling and is defined
as Rnþ. (B) The increase in fluorescence is plotted on the y-axis as the DRn value, using the equation DRn ¼ Rnþ � Rn�. A threshold is defined (blue
line). Ct ¼ cycle threshold.

50 Molecular Diagnostics



is the Pfaffl method, although its use is less widely spread
(Giulietti et al., 2001).

4.5.1 Standard Curve Method

In the standard curve method, a sample with a known
concentration is used to make a dilution series, which is
used as a standard curve. Samples, which can be used to
construct a dilution series, are purified plasmid dsDNA,
in vitro transcribed RNA, in vitro synthesized ssDNA, or
any cDNA sample expressing the target gene. The con-
centration of these DNA or RNA samples can be
measured spectrophotometrically at 260 nm and con-
verted to the number of copies using the molecular weight
of the DNA or RNA. For absolute quantification of
mRNA expression absolute standards have to be used (for
instance, in vitro transcribed RNA). Such absolute stan-
dards provide a very high accuracy and are often used in
International Organization for Standardization-accredited
laboratories (Saitta et al., 2016). Often, in this regard, a
standard reference material is used in order to standardize
assays between different laboratories (Hartnell et al.,
2012). More often, that is, in nonaccredited laboratories,
typically research laboratories, cDNA plasmid standards

are used for quantification. These are constructed by
cloning a cDNA fragment into a suitable plasmid vector.
For the quantification of mRNA expression, however, this
will result in only a relative quantification, because vari-
ations in efficiency of the reverse transcription step are
not controlled.

When creating a standard curve by serial 2-fold di-
lutions of the standard sample, two consecutive points will
have a Ct difference of 1. Similarly, Ct values from 10-fold
diluted samples will differ by 3.3. This, of course, is
assuming that 100% PCR efficiency is reached. Conse-
quently, the slope of the standard curve is a measure of the
efficiency of the PCR reaction. For serial 10-fold dilutions,
it should ideally be �3.3. In practice, standard curves with
a slope between �3.0 and �3.6 are considered acceptable.
Also, the sensitivity of the PCR reaction is reflected in the
standard curve by the point at which the standard curve
crosses the y-axis (Y-intercept). Indeed, the lower the Ct
value at this point, the higher the sensitivity of the PCR
reaction (Fig. 4.12). By plotting the Ct value of an un-
known sample on the standard curve, the amount of input
target sequence in the sample can be determined. Usually,
this calculation is performed automatically by the software
program of the qPCR instrument.

FIGURE 4.12 Standard curve. Seven points of a 10-fold dilution series of cDNA, performed in triplicate wells, amplified using the TaqMan system. A
standard curve is generated by plotting threshold cycle (Ct) values against relative input cDNA copy numbers.
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4.5.2 Comparative Threshold Cycle Method

An alternative method used for relative quantification is
the comparative Ct method, or the DDCt method (Livak
and Schmittgen, 2001). This method uses arithmetic for-
mulas to calculate relative expression levels, compared to
a calibrator. A nontreated control sample can be used, for
instance, as a calibrator. Moreover, the value of the un-
known target is normalized to an endogenous reference
gene (e.g., a housekeeping gene, discussed later). The
amount of target, relative to the calibrator and normalized
to the reference gene, is measured by the equation 2�DDCt,
where DDCt ¼ DCtsample � DCtcalibrator, and DCt is
the Ct of the target gene subtracted by the Ct of the
reference gene. The equation thus represents the normal-
ized expression of the target gene in the unknown sample,
relative to the normalized expression of the calibrator
sample. Importantly, for the DDCt method to be appli-
cable, the efficiency of PCR amplification for the target
gene and the reference gene must be approximately equal.
For every qPCR assay that is being set up this has to be
tested by determining how the DCtsample and the
DCtcalibrator vary with template dilution. In case the ef-
ficiencies between PCR amplification for the target and
reference genes are different, a new set of primer/probe
combinations has to be designed. Alternatively, the stan-
dard curve method or the more recently developed Pfaffl
method can be applied.

4.5.3 Pfaffl Method

As an alternative to the comparative Ct method, another
mathematical model has been developed by M.W. Pfaffl
(Pfaffl, 2001). In this method, the PCR efficiency of the
target and reference genes is taken into account. Relative
expression ratios (R) are calculated based on the efficiency
of the qPCR assay (E) and the threshold cycle of the un-
known sample (Ct) versus a calibrator (e.g., a nontreated
control sample) and expressed in comparison to a reference
gene. This is expressed by the following equation:

Ratio ¼ ð1þ EtargetÞDCtðtargetÞ
.
ð1þ ErefÞDCtðrefÞ

where Etarget is the PCR efficiency of the target gene; Eref is
the PCR efficiency of the reference gene; DCt(target) ¼
Ct(sample) � Ct(calibrator) of the target gene; and
DCt(ref) ¼ Ct(sample) � Ct(calibrator) of the reference
gene.

In analogy with the DDCt method, DCt is the Ct of the
target gene subtracted by the Ct of the reference gene.
Because this method takes into account the intrinsic effi-
ciency of each PCR reaction, it can be applied for any
qPCR amplification assay with enhanced accuracy. A major
drawback is that in this method one cannot make use of the
mean of different reference genes (see also later).

4.6 MULTIPLEX QUANTITATIVE
POLYMERASE CHAIN REACTION

Multiplex qPCR can refer either to the simultaneous
amplification and detection of different target genes in one
tube or to the use of multiple fluorogenic probes for the
discrimination of different alleles. The term is therefore
somewhat confusing, since it is not a mere extension of
classical multiplexing known in conventional PCR, which
was simply the amplification of multiple templates within
one reaction using different primers.

Since diagnostic analyses are often restricted by the
limited availability of bioptic material, and one of the pri-
mary goals is to decrease analysis time, multiplex PCR was
considered to be an attractive solution, especially in the
field of infectious diseases. As such, major efforts have
been undertaken in order to optimize multiplex diagnostic
detection kits based on nucleic acid amplification. One
obstacle that has to be dealt with arises from the limited
number of different fluorophore reporters with a good
spectral resolution. qPCR instruments contain optimized
filters to minimize the overlap of the emission spectra from
the different available fluorophores. Despite this, the
number of fluorophores that can be combined and clearly
distinguished is limited when compared with the resolution
in conventional multiplex PCR. Improvements in the
design of other probe formats as well as novel combina-
tions of fluorophores have greatly aided the ability to
simultaneously detect a larger number of targets. Also,
developments in qPCR instruments have significantly
improved, allowing for multiplexing of up to six different
colors. Another approach, which is used for the detection of
human genetic diseases, is based on the discrimination
between single or multiple nucleotide changes (between
different alleles) by making use of the differences in
melting points. In this approach, a single fluoroprobe can be
used to distinguish between products, based on their
distinct melting temperatures, which is reflected in the
differences in thermodynamic stabilities of the perfectly
complementary and the mismatched probe-target duplexes.
Finally, the combined use of multicolor fluorimetry and
fluorescence melting curve analysis can greatly increase the
number of targets that can be detected simultaneously
(Wittwer et al., 2001).

Based on these separate or combined approaches, the
use of multiplex PCR in diagnostic kits, approved by the
Food and Drug Administration, has increased greatly over
the last years and is becoming a standard method in many
clinical settings. Major advances compared to classical
culture and microscopic technologies are its enhanced
sensitivity and specificity and reduced analysis time.
However, one needs to keep in mind that this technology is
limited to the existing knowledge of a microorganism
genome, that no distinction can be made between life and
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death organisms, and that unexpected mutations, which
often take place in microorganisms, may not be detected.
As such, a combination of classical diagnostic techniques
combined with multiplex PCR will probably remain as the
standard in most clinical diagnostic settings (Gray and
Coupland, 2014).

4.7 APPLICATIONS OF QUANTITATIVE
POLYMERASE CHAIN REACTION AND
REVERSE TRANSCRIPTASE-
QUANTITATIVE POLYMERASE CHAIN
REACTION

The qPCR method is widely used in fundamental research
laboratories as well as in clinical diagnostic settings with a
variety of applications either based on the amplification of
DNA (qPCR) or RNA (RT-qPCR). The latter refers to the
combined reverse transcriptase (RT) and PCR amplifica-
tion, used for either the amplification of coding or non-
coding RNA.

4.7.1 Clinical Microbiology

There is a growing interest in the use of real-time PCR for
the detection of pathogens for the diagnosis of viral, bac-
terial, or fungal infections (De Crom et al., 2016; Stappers
et al., 2016). Most of the assays developed allow for an
increased frequency as well as enhanced speed of pathogen
detection as compared to conventional culture techniques.
Moreover, the quantification of pathogen load is possible.
For real-time assay development, one has to take into ac-
count that most infectious agents are characterized by a
high mutation rate, which can dramatically influence the
pathogen load estimation. This can be overcome by
designing primers in highly conserved regions. Alterna-
tively, of course, sequence variations can provide the basis
for the development of subtype-specific assays. It remains
of crucial importance to further improve real-time PCR-
based assays in terms of their sensitivity, the efficiency of
DNA extraction, and especially the capacity to detect a
much broader range of pathogens using this technology
(Warhurst et al., 2015). Also, the rapid evolution of resis-
tance in Gram-negative bacteria necessitates new methods
that allow for rapid detection (Endimiani and Jacobs,
2016).

4.7.2 Food and Industrial Microbiology

The rapid and accurate detection of bacterial or viral
pathogens in food samples is important both for food
quality assurance and to trace outbreaks within food sup-
plies. Real-time PCR assays are being optimized more
often for the detection of these pathogens, since they

significantly shorten the analysis time compared to con-
ventional biochemical and serological identification
methods and because the technique can be applied directly
on preenrichment media or food products. A specific
problem when analyzing food pathogens is that foods are
often complex matrices, which require selective enrichment
steps to overcome problems of low pathogen numbers. To
address this issue, a universal enrichment broth has been
developed, enabling the enrichment of multiple pathogens
(Bailey and Cox, 1992). An additional problem that has to
be faced in the case of PCR-based detection methods for
food pathogens is to discriminate between life and death
pathogenic cells. One approach is to apply a living/dead
dye that covalently binds to DNA and inhibits PCR
amplification from dead cells (Rudi et al., 2002). Alterna-
tively, the development of mRNA-based real-time PCR
assays (as opposed to DNA-based assays) can be applied,
which has the advantage of serving as an accurate indicator
of pathogen viability (Rijpens and Herman, 2002). Pro-
tocols have been validated for the detection of Escherichia
coli, Salmonella (Bhagwat, 2003), Listeria (Norton, 2002),
and hepatitis A strains (Kim et al., 2016) in food and
environmental samples, to name just a few examples.
Another area in which real-time PCR is used is in industrial
microbiology. An example is its use in the quantification of
viable yeasts during wine fermentation and controlling the
risk of wine spoilage (Hierro et al., 2006).

4.7.3 Clinical Oncology

4.7.3.1 Minimal Residual Disease

The detection of minimal residual disease (MRD) (i.e., the
detection of a very low number of malignant cells) signif-
icantly correlates with the clinical outcome in many he-
matological malignancies. Therefore MRD monitoring is
important for therapy guidance in clinical settings. Real-
time PCR-based techniques for the detection of MRD
have been developed and have proven to be more sensitive
than classical morphological techniques, allowing for the
detection of tumor cells at submicroscopic amounts (Kayser
et al., 2015). Major challenges, however, which prevent its
widespread use are the complexity and high cost of the
assays (Rocha et al., 2016).

4.7.3.2 Single Nucleotide Polymorphisms

SNPs, present in the human genome, are used as genetic
markers to follow the inheritance patterns of chromosomal
regions from generation to generation. Moreover, they
consist of a powerful tool in the study of genetic factors
associated with human diseases (Johnson and Todd, 2000;
Risch, 2000). Real -time PCR assays have been developed
for SNP detection. For this application, the level of
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discrimination between target and nontarget alleles is the
most important challenge when optimizing the technique.
In this real-time PCR method, one set of primers and two
allele-specific fluorescent labeled probes are used, making
use of different reporter dyes. The two alleles can thus be
distinguished by the differential fluorescent emission of the
two different reporter dyes (Livak, 1999). Alternatively,
SNP detection often uses molecular beacons (Tyagi et al.,
1998) or scorpion probes (Whitcombe et al., 1999). For
each individual SNP assay, the level of discrimination has
to be tested experimentally, since it is dependent on the
mismatch.

4.7.3.3 Chromosomal Translocations

Chromosomal translocations, which often take place in
tumor cells, can be employed as tumor-specific PCR tar-
gets. The primers are designed so that they anneal to
opposite sides of the breakpoint in the fusion gene. These
fusion genes are interesting targets for the design of a PCR
method. Indeed, they are directly related to the oncogenic
process and are therefore stable throughout the disease
course. Moreover, the breakpoint fusion sites at the DNA
level differ in each patient so that patient-specific real-time
PCR strategies can be applied (Summers et al., 2001).
Alternatively, real-time PCR can be performed on the
transcripts of tumor-specific fusion genes. These are
disease-specific transcripts located over chromosome
breakpoints, leading to an in-frame RNA product (Rowley,
1998). Interestingly, these fusion transcripts can be iden-
tical in individual patients despite distinct breakpoints,
because the breakpoints often are located in introns. An
advantage of this approach is that the same set of primer/
probes can be used for the analysis of individual patients
with the same fusion transcript but different breakpoint
translocations (Van Der Velden et al., 2003).

4.7.4 Gene Therapy

The primary goal of gene therapy is to specifically deliver
the therapeutic gene to the target organ in a time- and dose-
dependent manner and, most importantly, to avoid delivery
to nontarget organs, since this may result in toxic side ef-
fects. In this case, the therapeutic gene is delivered to the
target cells through a vector system, most often a viral
vector (Crystal, 1995). Two important parameters have to
be analyzed when considering gene therapy as a drug de-
livery system:

1. gene transfer estimation, which is the expression level
of the therapeutic gene in regard to target tissue levels
over time; and

2. biodistribution, which is the distribution of the drug in
different organs for different routes of administration.

Real-time PCR assays have been validated in regard to
gene transfer as well as biodistribution of gene therapy
vectors. The major challenge in optimizing these assays is
the accuracy of quantification and the sensitivity of the
assay. Real-time PCR assays using hybridization probes,
for instance, have been validated for adenovirus gene
transfer vectors and proven to be quantitative, reproducible,
and sensitive (Senoo et al., 2000; Hackett et al., 2000).

4.7.5 Validation of “-Omics” Related
Technologies

The widespread use of several “-omics” techniques, such as
microarrays, next generation sequencing, and epigenetic
technologies, results in a massive amount of data. A
confirmation of these results by an independent technique
largely increases the validity of such data. qPCR plays an
important role in such confirmation because of its detection
sensitivity, sequence specificity, large dynamic range, and
high precision and reproducible quantification. Disadvan-
tages of qPCR (or RT-qPCR in this regard) are that it is
labor intensive, time-consuming, and expensive. Moreover,
several factors need to be taken into account that contribute
to the correlation between microarray and qPCR results.
Therefore often only a small part of the results are validated
(Provenzano and Mocellin, 2007; Morey et al., 2006).

4.7.6 Forensic Genetics

DNA identifications have become standard use in forensic
laboratories. Forensic laboratories are being confronted
with an increasing number of DNA typing requests, par-
alleled by a decreasing amount of DNA per criminal case,
which is urging them to develop qPCR assays that can
simultaneously identify or quantify several parameters. Of
importance for reliable qPCR results, next to the amount of
total DNA or male DNA, is the quality of the DNA as well
as the presence of inhibitory factors in the sample. As such,
efforts by different labs have resulted in assay de-
velopments, in which one can simultaneously detect total
human DNA, human male DNA, DNA degradation, and
PCR inhibition (Hudlow et al., 2008; Ewing et al., 2016).

4.8 CRITERIA FOR OPTIMIZING
QUANTITATIVE POLYMERASE CHAIN
REACTION ASSAYS

The choice of method for performing qPCR reactions de-
pends on the specific application envisioned. An important
distinction has to be made, for instance, depending on
whether one is dealing with measuring mRNA expression
levels (RT-qPCR) or with DNA copy number (qPCR).
Other factors, such as the number of genes, the number of
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targets, the importance of fast screening, allelic discrimi-
nation, accurate quantification, sensitivity, and the costs,
need careful consideration.

Probably one of the most widely used applications of
qPCR is the quantification of mRNA expression. The use of
RT-qPCR has been validated for numerous applications in
fundamental research and clinical diagnostics. This is clear
from the exponential increase in publications when per-
forming a PubMed search using the words “reverse tran-
scription” and “real-time PCR” (Fig. 4.3). Although the
latter was developed at almost the same time as qPCR, it
became rapidly clear that optimization of reliable RT-qPCR
assays is much more complicated than qPCR assays.
Indeed, reliable results depend on good RNA quality
(Kirchner et al., 2014), consistent reverse transcriptase
conditions (Bustin et al., 2015), the absence of coampli-
fying contaminating genomic DNA (Derveaux et al., 2010),
and the appropriate normalization (Vandesompele et al.,
2002). The latter refers to the correction for experimental
variations in individual reverse transcriptase and PCR
amplification efficiency. This is of major importance in RT-
qPCR assays, since differences in efficiency of the reverse
transcriptase reaction will result in an amount of cDNA that
does not correspond to the starting amount of RNA.
Furthermore, because of the exponential nature of the PCR
reaction, minor differences in PCR amplification efficiency
will result in major differences in the PCR product.
Currently, the most widely applied method to correct for
these variations is normalization to a reference gene. In
theory, an ideal reference gene should be expressed at a
constant level among different tissues of an organism, at all
stages of development, and should not be affected by the
experimental treatment itself. In practice, however, finding
a gene with these characteristics is an almost impossible
task. Indeed, the expression of a housekeeping gene can
also be regulated by experimental treatment or can be
tissue-dependent. It is therefore important that prior to
performing each specific set of experiments, a suitable
reference gene needs to be validated. For this purpose, one
can test a range of widely used reference genes, such as
b-actin, glyceraldehyde-3-phosphate-dehydrogenase,
rRNA, hypoxanthine guanine phosphoribosyl transferase,
ribosomal proteins, cyclophilin, mitochondrial ATP syn-
thase 6, or porphobilinogen deaminase. Alternatively,
different panels of reference genes are commercially
available for testing. Of importance, one has to keep in
mind that reference genes with similar functional properties
may have a coregulated expression. It may therefore be
advisable to choose reference genes from distinct functional
classes. In 2002, Jo Vandesompele and coworkers pub-
lished a method providing guidance and a solution on how
to select for the most appropriate reference genes and to
determine the minimum number of reference genes

required in a specific experimental setting. They also pro-
vided a method for calculating a normalization factor based
on the geometric mean of selected reference genes
(Vandesompele et al., 2002).

Next to RT-qPCR for the quantification of mRNA
expression levels, the field of RT-qPCR has received
additional new interest with the discovery of noncoding
RNAs, such as microRNA (Lee et al., 1993, 2003).
MicroRNAs are small, noncoding RNAs of 20e22 base
pairs that play a role in gene regulatory networks by
binding to and repressing the activity of specific target
mRNAs. In addition, microRNAs can be present in circu-
lating body fluids, where they can serve as useful bio-
markers for disease prediction or the follow-up of disease
(He and Hannon, 2004). Because of their small size, the
high homology between different miRNA family members,
the absence of a common sequence feature such as a
poly(A) tail, and the low abundance in body fluids, RT-
qPCR quantification for miRNA requires specific adapta-
tions associated with sample preparation, microRNA
extraction and stabilization, experimental design, and data
analysis (Mestdagh et al., 2014; Benes and Castoldi, 2010).

Although in theory the qPCR technique is probably the
simplest technique in molecular biology, overall this con-
trasts largely with the way qPCR experiments in general,
and RT-qPCR experiments in particular, are being per-
formed. In a major attempt to standardize and improve the
reliability of results reported in scientific publications based
on this widespread technique, a group of international ex-
perts in the field of qPCR formulated and published the
MIQE guidelines, referring to the “Minimum information
required for the publication of qPCR Experiments” (Bustin
et al., 2009). These guidelines describe the information that
is considered to be essential in order to correctly perform
and interpret qPCR experiments. With this, the goal of the
authors was to ensure the integrity of scientific literature,
promote consistency between different laboratories, and
increase experimental transparency. Nine separate guide-
lines are formulated, related to the following items:
(1) experimental design; (2) sample information; (3)
nucleic acid extraction; (4) reverse transcription reaction;
(5) gene target sequence; (6) oligonucleotides; (7) qPCR
protocol; (8) the validation of qPCR; and (9) data analysis.

Altogether, if these guidelines are taken into account,
one can be assured that the described protocol is detailed
and clear so that all readers can correctly interpret or crit-
ically evaluate and implement (and if necessary repeat) the
described experiments. Moreover, using these guidelines
will encourage a better experimental practice, allowing for
more reliable and unequivocal interpretation of qPCR re-
sults. With more than 3000 citations, the MIQE guidelines
are widely recognized and accepted, thereby increasing the
quality of reported qPCR results. But still, we are awaiting
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an even more global implementation of the guidelines, as
this would encourage detailed auditing of experimental
details, data analysis, and reporting principles. General
implementation is thus an important prerequisite for the
further development of qPCR into a robust, accurate, and
reliable nucleic acid quantification technology.

4.9 CONCLUSIONS

The introduction of qPCR technology has revolutionarily
simplified the quantification of DNA and RNA. This has
had a great impact in the field of molecular research and
diagnostics, since enormous amounts of data can be ob-
tained within a very short research time. The decreased
costs for the thermal cyclers as well as for the necessary
reagents for applying the technique have aided in its rapid
increase in use. Indeed, its use increased exponentially
since its development. Therefore it is clear that this tech-
nique has become the gold standard for the detection and
quantification of DNA and RNA in general research or
diagnostic laboratories.

Although qPCR assays by themselves are characterized
by high precision and reproducibility, the accuracy of the
data obtained are largely dependent on several other factors.
It is insufficient to simply extend one’s knowledge of classic
end-point PCR to design and analyze experiments using
qPCR. Indeed, many other controls are needed to be certain
of the accuracy of the results when using qPCR assays.
These factors, such as sample preparation, quality of the
standard, choice of a relevant reference gene, and normali-
zation of samples, need careful consideration and optimi-
zation. Furthermore, it is important that standardized criteria
and international uniformity in experimental design and data
analysis and reporting are reached to be able to compare data
between different laboratories and correctly interpret the
reliability of published data. The latter has improved greatly
with the publication of the MIQE guidelines.
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5.1 INTRODUCTION

5.1.1 Standard Workflow for Polymerase
Chain Reaction-Based Assays

The tools available for infectious disease diagnostics and
human identity testing have benefitted from major techno-
logical advances. Among the most significant of these ad-
vances was the invention of the polymerase chain reaction
(PCR) in the mid-1980s (Saiki et al., 1988). This made it
possible to easily and quickly amplify specific nucleic acid
sequences from microscopic quantities of DNA collected
from a patient specimen or recovered from an item of ev-
idence in a criminal case.

Regardless of the type of specimen being analyzed,
however, the first step in any PCR-based molecular genetic
assay was the preparation of a nucleic acid extract. While
this was originally performed manually (typically by
boiling or chemical lysis, that is, the use of noxious organic
solvents like phenolechloroform and ethanol precipita-
tion), a wide variety of commercially available instruments
have since been developed that automate this process (Fujii
et al., 2013). Automated cell lysis can be achieved through
the use of detergents and chaotropic salts, heat, mechanical
disruption, or simple pressure. Automated nucleic acid
extraction/purification typically employs some variant of
solid phase extraction whereby nucleic acids are selectively
but reversibly bound to a solid substrate (typically silica),
thereby allowing protein and other unwanted cellular
components to be washed away, after which the now pure
nucleic acids are eluted into an appropriate buffer for
downstream applications. Such automated platforms

provide faster and more consistent results than manual
methods. The use of 96-well, 384-well, and higher density
specimen processing formats has also greatly increased
specimen throughput, which has led to improved econo-
mies of scale.

The second step is the PCR amplification process,
which, since the 1980s, has been performed by program-
mable thermal cyclers. By means of heating blocks or
temperature-controlled air chambers, specimens cycle
through repeated rounds of DNA denaturation, target-
specific primer annealing, and nascent strand extension.
Here, technical advances have focused on polymerase
functionalities (e.g., processivity, fidelity, stability),
reduced reaction volumes, and improved thermal transi-
tions to reduce the total amplification run times.

The third step is the detection and analysis of the
amplified products of the PCR. Size or conformational
fractionation by slab-gel or capillary electrophoresis (CE)
has long been the default technology. Here, the availability
of precast gels, capillary arrays connected to gel pumps,
and higher-density formats for automated sample loading
has helped to increase specimen throughput. However, the
process remains somewhat laborious and time-consuming.
Advances in alternative technologies for PCR amplicon
detection and analysis have sought to circumvent the lim-
itations of electrophoresis-based approaches by detecting
target amplicons during the amplification process itself.
These approaches employ intercalating compounds, minor-
groove binding dyes, and a wide variety of hybridization
probes (e.g., molecular beacons and Scorpions�) that can
be detected and quantified as they bind to nascent strands of
DNA created during each cycle of the PCR process.
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Another approach that avoids the need for post-
amplification fractionation by gel electrophoresis is melt
curve analysis. This is a postamplification assay that can be
performed without the need to remove an aliquot of
amplified DNA from the PCR tube. It examines the helix-
dissociation profile (i.e., the melt curve) of nascent double-
stranded DNA as it is subjected to increasing temperatures.
The melt curve of any amplicon is a function of sequence-
specific nearest-neighbor thermodynamic interactions. As a
result, melt curves serve as “signatures” for the presence of
an amplified target sequence. See Chapters 4 and 6 for a
comprehensive discussion of the underlying principles of
real-time PCR, high-resolution melt curve analysis, and
their respective applications to molecular diagnostics.

The final step in PCR-based molecular assays is data
interpretation, whereby the fragments detected by gel
electrophoresis or CE, the real-time PCR amplification
curves, and the postamplification melt curves are inter-
preted. For narrowly tailored and well-optimized PCR as-
says with clearly defined expected outcomes, interpretation
can be a relatively simple and rapid process. For example,
PCR-based diagnostic tests for methicillin-resistant Staph-
ylococcus aureus, Clostridium difficile, and tuberculosis
(TB) are relatively simple, low-multiplexed assays that
yield well-defined clinical answers. In sharp contrast to this
are PCR-based assays for human identity testing, which
may be used for kinship analysis or in forensic DNA crime
laboratories. The use of short tandem repeats (STRs) as
target genetic markers and the highly variable nature of
forensic evidence with regard to sample integrity, DNA
quantity, and contributor complexity make data interpreta-
tion an especially time- and labor-intensive process,
requiring manual review by a skilled laboratory analyst.
Efforts to streamline this process have focused on the
development of powerful expert systems (computer soft-
ware that is guided by user-defined rules with the goal of
being able to consistently analyze a given set of data with
the same skill as a human) (Haned and Gill, 2015). Expert
systems do not replace humans. Rather, they automate
tedious and often time-consuming aspects of data analysis
to provide analysts with quality scoring of analyzed data
and explanations for the reasoning that the program uses to
support a specific analytical outcome. See Chapter 21 for a
comprehensive discussion of the use of DNA testing for
human identity applications.

Even with the advances that have been made in labo-
ratory automation, the traditional diagnostic assay work-
flow has remained largely segmented. Specimens and
reagents are usually manually loaded and unloaded from
different instruments and transported among different
physical locations within a laboratory. At a minimum, these
include dedicated pre-PCR (low-template extraction and
purification) and a post-PCR (high-template amplification
and postamplification analysis) areas of the laboratory. The

purpose for this segregation of work areas is to minimize
the chance of generating erroneous assay results (the
inadvertent introduction of previously amplified nucleic
acids into preamplification nucleic acid extracts or pre-
amplification processes). In both a medical diagnostic
context and a forensic context, undetected contamination of
one specimen with PCR-amplified products from a different
specimen could have catastrophic consequences.

It is widely recognized that even with stringent standard
operating procedures and the utmost caution, it is impos-
sible to completely eliminate the risk of cross-
contamination when performing PCR-based assays using
segmented workflows, even if the individual segments are
automated. For this reason, laboratories typically employ
multiple layers of controls and quality checks that are
designed not only to prevent cross-contamination but also
to ensure that it is detected in those rare instances when it
does occur. Subsequent root cause analysis and corrective
action reports are then generated in an effort to perpetually
improve the overall process.

5.1.2 Fully Integrated Polymerase Chain
Reaction-Based Assay Systems

There has been a remarkable shift from labor-intensive
assays and segmented workflows to fully automated and
integrated instruments. Where traditional DNA-based as-
says require extensive hands-on time to isolate nucleic
acids from test specimens; amplify diagnostically infor-
mative amplicons; and convert raw electrophoretic frac-
tionation, high-resolution melt curve, or hybridization data
into diagnostically meaningful results, a new generation of
easy to use, fully automated assays has greatly streamlined
this entire process. Variously described as “sample-to-
answer” or “sample-in, answer-out” systems in medical
diagnostics or as “sample-to profile” systems in human
identity testing, these instruments integrate and fully auto-
mate nucleic acid extraction, amplification, detection, data
interpretation, and reporting in a single device (Park et al.,
2011; Sackmann et al., 2014; Buchan and Ledeboer, 2014).

The miniaturization of instruments and reductions in
reaction volumes without a loss of data output quality have
been hallmarks of modern molecular biology, and these
advances are at the core of the sample-to-answer assays. All
necessary chemical reagents for the test specimens and some
form of internal process control are prepackaged in either a
liquid or dried state in disposable assay cassettes or blister
packs. Typically, each specimen is processed along its own
dedicated pathway, which physically isolates it from other
specimens during the entire analytical process. This elimi-
nates the opportunities for potential cross-contamination that
exist in traditional segmented workflows. As a result, labo-
ratories are able to bypass many of the burdensome and
expensive procedural and infrastructural aspects of
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contamination control. Most of these systems are lightweight
benchtop instruments with small footprints that make them
portable and thus well suited to near point-of-care di-
agnostics, even in lower resource environments. Similarly,
sample-to-profile human identity testing systems are
compact enough to be used in a police department booking
station, mobile crime scene van, airport security area, or
field-forward military site.

These instruments and their assay cassettes can be run
with minimal hands-on operation and by staff with less
technical training than is typically needed for a traditional
diagnostic lab technologist or forensic analyst. By elimi-
nating segmented workflows and assaying specimens in
parallel, these systems typically have much faster turnaround
times than conventional assays. In the medical diagnostic
arena, the sensitivity and specificity of sample-to-answer
assay systems are comparable to that of more conventional
methods for the identification of the causative organism
responsible for a given pathology and often times the pres-
ence in that organism of specific genes associated with
antimicrobial resistance traits and/or virulence factors.
Similarly, the accuracy of sample-to-profile instruments for
human identity testing is comparable to that of conventional

methods for the analysis of buccal swabs and other good
quality reference type samples.

5.2 COMMERCIAL SAMPLE-TO-ANSWER
ASSAY SYSTEMS

5.2.1 Systems for Infectious Disease
Diagnostics

A number of sample-to-answer and sample-to-profile sys-
tems are commercially available (Table 5.1), including the
FilmArray� (BioFire� Diagnostics/bioMérieux), the Gen-
eXpert� (Cepheid), the Liat� PCR system (cobas�/Roche),
Simplexa� for 3M Integrated Cycler (Focus Diagnostics),
the Verigene� System (Nanosphere/Luminex�), the Rap-
idHIT� 200 DNA profiler (IntegenX), and the DNAscan�

Rapid DNA Analysis System (NetBio/General Electric
[GE] Healthcare). While certainly not an exhaustive list,
these examples encompass the range of general operational
principles underlying these systems. Specific details in re-
gard to the individual assay chemistries that run on these
systems will be provided in this chapter in the context of
specific clinical or identity testing applications.

TABLE 5.1 Commercially Available Sample-to-Answer Assay Systems

System

Manufacturer

(website) Application

Operating princi-

ple/Detection

principle

Samples/

run

Approximate

run time

FilmArray� BioFire� Diagnostics/bio-
Mérieux (www.biofiredx.
com)

Infectious disease
diagnostics

Nested NAAT Melt
curve analysis

1 70 min

GeneXpert� Cepheid (www.cepheid.
com/us)

Infectious disease
diagnostics

RT-PCR NAAT
Fluorescent
molecular beacon

1e80 30e150 min

Liat� cobas�/Roche (www.
usdiagnostics.roche.com/
en/instrument/cobas-
liat.html)

Infectious disease
diagnostics

RT-PCR NAAT
TaqMan� probe

1 20 min

Simplexa� 3M
Integrated Cycler

Focus Diagnostics (www.
focusdx.com/product-
catalog/simplexa)

Infectious disease
diagnostics

RT-PCR NAAT
Fluorescent probes

8 60 min

Verigene� Nanosphere/Luminex�

(www.nanosphere.us)
Infectious disease
diagnostics

Microarray capture
direct hybridization
Light scattering by
derivitized gold
nanoparticles

1 150 min

DNAscan� NetBio/GE Healthcare
(www.gelifesciences.
com)

Human identity
testing

Multiplex PCR
Microfluidic CE
Electrophoresis

5 90 min

RapidHit� 200 IntegenX (www.integenx.
com)

Human identity
testing

Multiplex PCR
integrated
conventional CE

1e7 90 min
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The FilmArray� system (Fig. 5.1) provides a generic
illustration of a fully integrated PCR-based sample-to-
answer system. The FilmArray� system combines an
automated in vitro diagnostic instrument (the base unit)
with assay-specific “pouches” to detect multiple nucleic
acid targets in clinical specimens (Xu et al., 2013). Each
assay pouch is a disposable, self-contained, closed system
that contains all the reagents required to extract, amplify,
and detect specific nucleic acid targets that may be present
in a clinical specimen (Poritz et al., 2011). The reservoirs in
the rigid plastic component (the fitment) of the pouch
contain lyophilized reagents. The flexible plastic film
portion of the pouch is divided into a series of blister pack-
like compartments. A series of chemical processes are
executed through interactions between the pouch and ac-
tuators and sensors in the base unit. These include cell lysis
and nucleic acid extraction and purification from the test
specimen; first-stage multiplex PCR; and second-stage
singleplex PCR and melting analysis, both of which take
place in a multiwell array. To run the assay, a technician
uses a syringe to load “Hydration Solution” into the pouch.
This rehydrates the lyophilized reagents that are pre-
packaged in the pouch fitment. A patient specimen is then
mixed with “Sample Buffer,” which inactivates RNases in
the specimen and which will later facilitate binding of the

nucleic acids to the magnetic beads for nucleic acid isola-
tion. A sample loading syringe is then used to transfer the
specimen/sample buffer mixture to the pouch. The pouch is
then loaded into the base unit.

After the technician initiates a specimen run, a series of
plungers, pneumatic actuators, and hard seals work together
to mix the liquid reagents and move them between the
blisters of the pouch (Grover et al., 2003). The FilmArray�

base unit automatically performs these functions based on
the run protocol selected for a specific pouch (assay
chemistry) and specimen type in the instrument’s operating
software. Nucleic acid isolation occurs in the first three
blister compartments of the pouch. The first step in pro-
cessing a specimen is to lyse the outer membrane of the
target microbes that may be in the patient specimen. This is
done using a device called a bead-beater. A sensor in the
base unit monitors the speed and operation of the bead-
beater and aborts the run if the bead-beater is not work-
ing properly. Following bead-beating, the nucleic acids
contained in the sample are captured, washed, and eluted by
magnetic bead technology. A retractable magnet is used to
capture or release the magnetic beads during washes. These
steps require about 10 min to complete.

The next step in the process is reverse transcription
(RT) and first-stage multiplex PCR amplification. The RT

FIGURE 5.1 Photographic image (left) and schematic diagram (right) showing the salient features of a FilmArray� assay system consisting of a hard
plastic fitment containing reagent reservoirs and a flexible plastic film pouch consisting of a series of reaction chambers and transfer channels. Once a
sample has been introduced through the sample injection port, the pouch is inserted into a FilmArray� instrument base unit (not shown) for processing.
The colored liquids shown in the photograph are to facilitate visualization. Actual FilmArray� pouches do not contain colored liquids. PCR, polymerase
chain reaction. Images adapted from FilmArray� 2.0 Operators Manual CE IVD.
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step is necessary to convert RNA into cDNA prior to first-
stage multiplex PCR amplification in those assays where
target pathogens for identification have RNA genomes
(e.g., coronavirus, orthomyxovirus, picornavirus, nor-
ovirus, and sapovirus). The purified nucleic acid extract is
mixed with a preheated master mix to initiate the RT step,
and subsequent thermocycling for multiplex PCR amplifies
all of the targets identified by the pouch as well as the
process control amplicon. A Peltier device drives the
thermocycling both for the RT reaction (when required)
and for the first-stage PCR reactions. The purpose of the
first-stage PCR is to enrich for the target nucleic acids if
they are present in the patient specimen.

The amplified products of first-stage PCR are then
diluted and combined with fresh PCR reagents containing a
saturating fluorescent intercalating DNA dye (LCGreen�

Plus). This solution is distributed to a second-stage PCR
array. Each of the individual wells of the array contain
primers for different assays (in triplicate) that target specific
nucleic acid sequences from each of the pathogens targeted
by the pouch assay as well as primers for the internal
positive control(s). The annealing sites for the second-stage
PCR primers are located within the sequence of the
amplified products generated during the first-stage multi-
plex PCR (i.e., nested PCR). This serves to enhance both
the sensitivity and specificity of the assay.

After completion of the last cycle of the second-stage
PCR, a DNA melting curve analysis is performed to iden-
tify positive and negative PCR reactions. This is used to
determine which of the targeted microbes were present in the
patient specimen. During the second-stage PCR process,
LCGreen� Plus dye is incorporated into the copies of DNA
as they are made during each PCR cycle. When bound to
double-stranded DNA, the dye fluoresces. As the tempera-
ture is increased and the copies of double-stranded DNA
melt, the dye is released with a corresponding drop in fluo-
rescence. A DNA melting curve is generated by slowly
increasing the temperature of the PCR array. As this is done,
the fluorescence emitted by the DNA-bound dye in each well
of the array is imaged by a camera and recorded. A second
Peltier device controls thermocycling for second-stage PCR
and for the DNA melt analysis. As with the first-stage PCR,
the thermocycling profile is controlled in accordancewith the
programmed run protocol for the specific reagent pouch
assay being performed. Both the second-stage PCR and the
melt analysis take place in the array located in the final pouch
blister. Because themelting profile for the target amplicon for
each microbe in the assay is known, PCR products from
specific microbes can be readily identified.

Two internal positive controls are incorporated into the
assay. First there is an “RNA Process Control” (RPC). The
RPC employs lyophilized yeast (Schizosaccharomyces
pombe), which is prepackaged in the assay pouch and
rehydrated when the patient specimen is loaded. The yeast

is carried through all stages of the test process, including
lysis, nucleic acid purification, the first-stage PCR, dilution,
the second-stage PCR, and the DNA melting curve anal-
ysis. An RNA transcript present in the RPC is targeted for
amplification, so a positive control result indicates that all
steps carried out in the assay pouch were successful. A
second-stage PCR (PCR2) control is also included. The
PCR2 control detects a DNA target that is dried into wells
of the array along with corresponding amplification
primers. A positive result indicates the success of the
second-stage PCR.

The FilmArray� base unit’s software automatically
analyzes the melt curve data from the replicate wells for
each second-stage PCR reaction (both controls and test
samples) and automatically generates a test report at the end
of the run indicating which of the targeted microbes were
detected. If either of the controls fail, all results will be
reported as “Invalid.” Based on independent workflow
analysis studies (Butt et al., 2014), the entire process from
specimen-to-answer takes just over 1 h to complete but
only about 5 min of actual hands-on time.

Other commercially available platforms take a similar
approach by integrating specimen processing in a single-
use cartridge system, though the specifics of nucleic acid
extraction, target amplification, and detection vary. The
GeneXpert� system, for example, combines a base unit
analyzer with small disposable cartridges (modules) that are
barcoded and preloaded with all of the necessary reagents
for particular assays (Lawn et al., 2013; Tortoli et al.,
2012). A patient specimen is placed into the cartridge,
which is then loaded into the base unit, which reads the
cartridge barcode and initiates an assay-specific protocol.
Nucleic acid extraction takes place in a processing chamber
that contains reagents, filters, and capture technologies
necessary to extract, purify, and amplify target nucleic
acids. Nucleic acid extraction employs a combination of
chemical and ultrasonic lysis, followed by RT-PCR and
fluorescent monitoring of multiple channels for target and
control signals. Integrated valves are used to facilitate fluid
transfer from chamber to chamber, and thin PCR chamber
walls enable rapid thermal cycling. The systems software
interprets the detected signal and generates a report of the
results with a total run time of about 1 h. This system’s base
units are available with 1-, 2-, 4-, 16-, or 80-module con-
figurations and are equipped with a robotic loading system
to minimize hands-on time even in higher volume labora-
tories. Each module within a base unit operates individu-
ally, and as many different assays (e.g., Mycobacterium
tuberculosis, methicillin-resistant S. aureus, or C. difficile)
as necessary can be run by a technician at the same time.
Therefore this system is both flexible and scalable to the
needs of the specific laboratory. This is a key advantage
relative to the FilmArray� system and other systems that
process one assay pouch at a time. FilmArray�, however, is
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able to screen for a greater number (up to 20) of target
pathogens per pouch.

The Liat� which stands for “Lab In A Tube” system is
another real-time PCR-based assay system that utilizes
small disposable linear tubes (Binnicker et al., 2015; Chen
et al., 2015). Each tube contains all of the reagents neces-
sary to perform an assay. These reagents are arranged in a
series of blister pack compartments. Using a transfer
pipette, a patient specimen is introduced to the top of the
assay tube. After the assay tube is capped, it is inserted into
an analyzer base unit, which integrates all nucleic acid
testing processes, including reagent preparation, target
enrichment, inhibitor removal, nucleic acid extraction,
amplification, and real-time detection. Specimen sampling
and handling are controlled using multiple sample pro-
cessing modules contained within the base unit. The
specimen processing modules consist of two assemblies.
The first is a moving side assembly comprised of multiple
sample processing plungers and clamps. The second is a
fixed-side assembly. The plungers and clamps selectively
compress the Liat� assay tube segments against the fixed-
side assembly so as to selectively release reagents from
individual tube blister compartments and move the sample
from one compartment to another. The nucleic acid
extraction process is based on lysis by chaotropic salts
followed by solid phase magnetic particle-based nucleic
acid purification. The detection of amplified targets em-
ploys fluorogenically labeled hydrolysis probes
(e.g., TaqMan� probes). As with other integrated systems,
an internal positive control is used to confirm the instru-
ment performance and result determination. The internal
positive control (IPC) comprises an encapsulated RNA that
is prepacked in each Liat� tube. The base analyzer unit
controls reaction conditions, such as thermal cycling tem-
peratures, in accordance with specific assay programs. Data
analysis employs predefined decision algorithms to
generate a report of assay results. Like the FilmArray�

system, the Liat� system processes only one specimen at a
time, but results are typically generated in only 20 min.

The Simplexa� Molecular Assay system uses disk-
based centrifugal microfluidics and real-time PCR assays,
which are designed to run on the 3M� Integrated Cycler
(Strohmeier et al., 2015; Miao et al., 2015). Users are given
a choice of two operational modes. In the first mode, a
thermocycle-only disk is used, which allows for up to 96
standard real-time PCR assays but requires that patient
specimens be extracted separately so that the disk can be
loaded with purified DNA. Each of 96 radially inward-
oriented inlet wells is connected to one of 96 amplifica-
tion wells positioned at the outer rim of the disk. Contact
heating is employed for thermocycling, and real-time
detection can record data in up to four fluorescence chan-
nels. In the second mode of operation, a direct amplification

disk is used to provide true sample-to-answer functionality.
In this second mode, space on the direct amplification disk
is occupied mostly by extraction microfluidics, and there-
fore only eight fully integrated sample processing reactions
can be run at a time. The use of the disk requires little
hands-on time aside from pipetting 50 mL of reaction mix
onto the disk prior to processing a 50-mL patient sample.
Samples to be assayed are pipetted into wells near the
center of the disk. The technician then enters the assay run
parameters and initiates the run. As the disk spins, cen-
trifugal force moves the patient specimens and reaction
reagents through the reaction chambers. The direct ampli-
fication disk makes use of direct amplification chemistries
that can perform nucleic acid extraction and amplification
in one protocol. Infrared energy and a high-velocity fan are
used to heat and cool the real-time PCR reaction chambers
on the disk. Rapid temperature transitions and efficient heat
transfers translate into shorter cycle times (as little as 20 s/
cycle). As with the thermocycle-only disk, up to four
fluorescence channels are available for target detection, and
the system software collects and analyzes the results. The
Simplexa� system provides results from a patient swab in
about 1 h.

A similar specimen processing approach with a quite
different detection technology is employed by the Ver-
igene� system, which uses self-contained test cartridges in
conjunction with two separate instrument modules: a car-
tridge processor and a cartridge reader. Each disposable test
cartridge is designed for the multiplex analysis of a single
patient specimen. It features a microfluidic cassette that
contains all of the hybridization reagents needed for the
assay and captures all of the waste materials that are
generated in the process. It also contains a glass slide that
serves as a solid support for the microarray where any
targeted nucleic acids can be captured for detection. The
cartridge processor unit manages the automated nucleic
acid extraction, purification, amplification (if required), and
hybridization processes. In the test cartridge, genomic DNA
is extracted and sheared by sonication into 300 to 500 base
pair fragments. This fragment size is easily manipulated
and can be readily hybridized to other molecules. The
fragmented genomic DNA is allowed to hybridize to a
microarray of capture probes that are attached to the glass
slide in the assay cartridge. Oligonucleotide probes conju-
gated to gold nanoparticles are then introduced and allowed
to bind to any complementary genomic DNA fragment
present on the microarray. Any unbound oligonucleotide-
gold nanoparticle probes are washed away while
elemental silver is deposited onto the gold nanoparticle
probes, which are bound and remain. This serves to amply
the signal for the optical detection of light scattering
from the derivitized gold nanoparticles (Giljohann et al.,
2010). The detection sensitivity that is achieved through the
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use of gold nanoparticles exceeds that of the fluorescent
dye-based detection methods that are employed by most
other sample-to-answer systems, so much so that while
nucleic acid amplification is an option with the Verigene�

system, it is not always necessary and can be omitted in
some assays. Finally, the cartridge reader images the
microarray and analyzes the results from the processed
cartridges in order to generate a report. Based on inde-
pendent evaluations of this system (Butt et al., 2014), re-
sults are typically generated in approximately 2.5 h, making
the system competitive with other sample-to-answer sys-
tems. The total amount of hands-on time was 21 min. The
longer hands-on time was attributed to the need to thaw
frozen reagents and move cartridges between the analyzer
and the reader.

5.2.2 Systems for Human Identity Profiling

The development of systems for human identity testing that
integrate all of the required processes has in some ways
been an even more challenging goal than the development
of many of the sample-to-answer medical diagnostic as-
says. The reason for this is that medical diagnostic assays
typically need to detect only the presence of an amplified

DNA sequence from a targeted microorganism. Human
identity testing for kinship analysis or forensic purposes,
however, presents the need for identifying specific length
variants for each of the STR genetic markers that are tar-
geted for analysis. This necessitates the expansion of basic
integrated PCR systems to include a size-fractionation
process. In conventional forensic laboratories this is per-
formed using CE. Incorporating this into fully integrated
systems has proven to be challenging, but significant
progress has been made. Successes have been achieved by
interfacing nucleic acid extraction and amplification car-
tridges with standard CE modules or microfluidic CE.
Several parallel efforts have resulted in the commercial
availability of fully integrated devices that integrate all
of the workflow required for sample-to-profile human
identity testing.

The RapidHIT� 200 System (Fig. 5.2) provides an
illustration of this more complex workflow (Holland and
Wendt, 2015; Hennessy et al., 2013). The RapidHIT� 200
is a fully integrated sample-to-profile DNA identification
system that uses four disposable cartridges in conjunction
with an instrument base unit. The sample and control car-
tridges integrate the nucleic acid extraction and PCR
amplification processes. The anode cartridge contains linear

FIGURE 5.2 Photographic image (left) and schematic diagram (right) showing the salient features of a RapidHIT� 200 assay system sample cartridge.
After sample swabs are placed in the inlet ports, a lysis solution is pumped from the lysis solution reservoir to the swab. Suspended cells from the swab are
then pumped to the magnetic bead chambers where the cells are lysed, and the DNA is immobilized on magnetic beads. Ethanol is pumped sequentially
from each of the ethanol reservoirs to wash the immobilized DNA in the bead chamber. The used ethanol wash is deposited into the waste receptacle.
Beads with purified DNA are transferred to the polymerase chain reaction (PCR) chamber and mixed with PCR premix. After PCR amplification,
amplicons are fractionated off-cartridge. Images adapted from IntegenX.
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polyacrylamide for capillary electrophoresis, an agent that
dynamically coats the walls of the capillaries to reduce
electroosmotic flow during electrophoresis and the anode
electrode for electrophoresis. The buffer cartridge serves as
the reservoir for both the CE cathode buffer and water for
other processes. It is also the receptacle for waste material.

The sample and control cartridges are injection molded
to produce an integrated fluidic device consisting of a series
of chambers and fluid channels that interface with pneu-
matically driven valves and pumps that are externally
actuated to transport samples and mix fluidic streams
(Grover et al., 2003). The sample cartridge has four sample
ports and dedicated fluidic pathways to process up to four
swabs of cellular material (typically buccal swabs). The
control cartridge processes one sample port and dedicated
fluidic pathway. The remaining three fluidic pathways are
reserved for an internal positive control (a known DNA
standard); a negative control (typically no sample) to
monitor for contamination of the reagents and/or the fluidic
path by extraneous human DNA; and an allelic ladder,
which is prepackaged in the size-standard chamber of the
flow path and serves as a standard for allele determination
during data analysis.

The RapidHIT� base unit into which the cartridges are
inserted for processing has four primary subsystems: one
each for sample preparation, fractionation, detection, and
control/analysis. The sample preparation subsystem man-
ages the operation of the sample and control cartridges
through the use of pneumatics to move liquids from one
chamber to the next. Lysis employs a combination of heat
and a chaotropic guanidinium salt to release DNA, which is
then captured and purified using solid phase extraction on
magnetic beads. The beads with bound DNA are then
transferred to the reaction chamber and immobilized by
fixed magnets. A multiplex PCR master mix with primers
for either 16 or 24 STR loci (the PowerPlex� 16HS Fast
and GlobalFiler� Express chemistries, respectively) is then
added to the reaction chamber and amplified using a Peltier
thermocycler. The amplified products are then moved to the
size-standard chamber where they are mixed with an in-
ternal lane size standard before being pumped to the sep-
aration subsystem. After being received by the separation
subsystem, which is a separate module housed in the base
unit, the linear polyacrylamide from the anode cartridge is
used to fill the eight separation capillaries. The amplified
samples are then heat denatured, electrokinetically injected,
and size fractionated by CE using buffer from the buffer
cartridge. After the run, the capillaries are automatically
cleaned to prepare them for the next run. The detection
subsystem uses a solid-state laser to excite the fluorescently
tagged STR products, which are then detected by a charge-
coupled device camera as they pass by the capillary
detection window. The data on fluorescence intensity and
CE mobility are collected and stored by the control/analysis

subsystem, which houses the embedded computer that
controls all instrument operations. This subsystem auto-
matically processes the raw data for noise filtering, baseline
subtraction, spectral deconvolution, and primer peak
removal. A local copy of GeneMarker� HID human iden-
tity software then identifies the specific genotypes at all
STR loci in order to generate a report with the DNA profile
of each sample. The total processing time from swab to
DNA profile is approximately 90 min.

The DNAscan� (Fig. 5.3) represents an alternative
approach for the generation of STR-based human DNA
profiles. It employs a single-use, disposable microfluidic
cassette for all DNA profiling processes, including size
fractionation of the PCR amplicons, together with an in-
strument base unit that manages the workflow (Tan et al.,
2013). The functional core of the system is an injection-
molded BioChipSet Cassette (BCSC), which is con-
structed from four major components: the smart cartridge,
the gel smart cartridge, the integrated biochip, and the
separation and detection biochip. The BCSC is preloaded
with all of the necessary reagents for sample processing.
Liquid reagents are stored in reservoirs that have aluminum
foil seals bonded to both ends. Pneumatic pressure is used
to burst the seals, thereby releasing the contents of the
reservoir. Lyophilized reagents (e.g., PCR master mix, in-
ternal lane size standard, and allelic ladders) are also pre-
loaded within the chambers of the BCSC and are
reconstituted as the liquid phase reaction products move
through the BCSC.

The smart cartridge can process up to five buccal swabs
at a time. As with most other systems, the nucleic acid
purification method employs chaotropic guanidinium salt
lysis followed by guanidinium-mediated binding of DNA
to a solid phase silica surface. The DNA extract is then
PCR amplified with a PCR master mix containing primers
to amplify 16 STR loci (i.e., the PowerPlex� 16 chemistry).
An alternative 27-locus multiplex PCR master mix has also
been developed and tested. The gel smart cartridge contains
the linear polyacrylamide sieving matrix and the electro-
phoresis buffer, which is used for microfluidic size frac-
tionation and detection. A significant difference from the
RapidHIT� 200 system is that rather than traditional cap-
illaries, the separation and detection biochip performs
electrophoresis in six independent microfluidic channels
that are 22.5 cm long with a cross-sectional dimension of
40 mm � 100 mm. In order to minimize potential interfer-
ence from plastic autofluorescence, the entire BCSC is
fabricated from a cyclic olefin polymer that produces less
autofluorescence than glass. The fluorescent labels on the
amplified STR fragments are excited by a 488-nm solid
state laser in the optical subsystem of the base unit. Laser
light for excitation is transmitted to the detection window of
the separation and detection biochip, and the resulting
fluorescence is then detected by a series of photomultiplier
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tube detectors. The integrated biochip component contains
microfluidic channels and chambers that represent the core
of the BCSC. It interfaces with the smart cartridge and
facilitates nucleic acid purification by providing the means
for liquid transfer from chamber to chamber. The integrated
biochip also accepts purified DNA from the smart cartridge
in preparation for processing to perform PCR, after which
its interface with the separation and detection biochip
provides for the transfer of electrophoresis-ready samples
to the separation channels.

Upon completion of a sample run, the raw electropho-
retic data is processed to achieve baseline subtraction,
spectral deconvolution, and to identify signal peaks to
produce an interpretable electropherogram. Finally, expert
system algorithms are used for automated allele calling.
The software interprets the processed data to determine the
genotypes for all amplified loci, which collectively form the
DNA profile for the analyzed samples. Similar to the
RapidHIT� 200 system, the DNAscan� system is able to
generate a DNA profile through fully automated, fully in-
tegrated processing of buccal swabs in just under 90 min.

5.3 CLINICAL APPLICATIONS:
PERFORMANCE FOR INFECTIOUS
PATHOGEN DIAGNOSTICS

5.3.1 Respiratory Pathogens

The respiratory system is one of the most frequent sites for
colonization by infectious agents. Respiratory infections
are also an important driver of patient hospitalization.
Several sample-to-answer assays are available for the
detection of a wide variety of respiratory pathogens. PCR
for influenza virus detection has many advantages over
conventional diagnostic techniques. For example, detecting
influenza in culture takes several days. Antigen-detection-
based tests, while simple and fast, suffer from low sensi-
tivity or require the somewhat more tedious examination of
cells by fluorescence microscopy. By contrast, nucleic acid
tests are fast, sensitive, specific, and well suited to sample-
to-answer platforms.

The FilmArray� Respiratory Panel (RP) first gained US
Food and Drug Administration (FDA) approval in 2011. The

FIGURE 5.3 Structure of the DNAscan� BioChipSet Cassette (BCSC). (A) Top view schematic showing the location of three of the four components of
the BCSC (smart cartridge, gel smart cartridge, and integrated biochip). (B) Bottom view schematic showing the location of the separation and detection
biochip, which contains the microfluidic CE channels. (C) Photograph of the BCSC. The primary interfaces with the instrument are via the pneumatic
manifold, the polymerase chain reaction chambers, the cathode and anode (not shown, adjacent to the gel smart cartridge), and the separation and detection
window. PCR, polymerase chain reaction; gel SC: gel smart cartridge; S&D: separation and detection. Image from Tan, E., Turingan, R.S., Hogan, C.,
Vasantgadkar, S., Palombo, L., Schumm, J.W., Selden, R.F., 2013. Fully integrated, fully automated generation of short tandem repeat profiles. Invest.
Genet. 4, 1. Creative Commons Attribution License.
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current iteration of the FilmArray� RP targets the detection of
20 microbes, including numerous viral strains and species of
bacteria (Table 5.2). Detection sensitivities vary for each or-
ganism and for different versions of the assay (Doern et al.,
2013). Overall, the sensitivities reported by independent re-
searchers vary slightly from those reported by the manufac-
turer in Table 5.2 but generally fall within the 90e100%
range for all targeted pathogens, except for Influenza B and
adenovirus which have sensitivities of 73% and 83%,
respectively (Couturier et al., 2013). While the assay is
intended for use with nasopharyngeal swabs, good sensitiv-
ities have also been reported for other types of specimens,
including nose and throat swabs, sputum, and specimens
collected from the lower respiratory tract (Branche et al.,
2014; Ruggiero et al., 2014).

The Cepheid Xpert� Flu assay detects and discriminates
among Influenza A, Influenza A/H1N1, and Influenza B
using either nasopharyngeal swabs or nasal aspirates. It has
an overall sensitivity of approximately 95%, though some
researchers have seen a somewhat lower sensitivity for
Influenza B (Dugas et al., 2014; Li et al., 2012). The
Xpert� Flu/RSV XC is a different Xpert� assay cartridge
that differentiates Influenza A, Influenza B, and Respiratory
Syncytial Virus (RSV). Studies indicate that when
compared with other molecular assays, the sensitivity of the
Xpert� Flu/RSV XC assay for these viruses ranged from a
low of 89% to more than 95% for Influenza A (Popowitch
and Miller, 2015; Salez et al., 2013, 2015).

Other sample-to-answer assays approved for respiratory
pathogens include the Simplexa� Flu A/B & RSV assay,
the Verigene� Respiratory Viral Plus (RVþ) panel, and the
Liat� Influenza A and B assay panel. Compared to in-house
RT-PCR, the sensitivities of the Simplexa� A/B & RSV
assay for Influenza A, B, and RSV were 97%, 98%, and
99%, respectively (Woodberry et al., 2013). The reported
sensitivity and specificity for the Verigene� RVþ was
greater than 95% (Cho et al., 2015; Boku et al., 2013).
Compared to the Simplexa Flu A/B & RSV assay, the Liat�

Influenza A and B assay panel showed greater than 99%
sensitivity for Influenza A and 100% for Influenza B
(Binnicker et al., 2015).

Mycobacterium tuberculosis is the pathogen responsible
for TB, which is a highly contagious and airborne disease
that ranks alongside HIV/AIDS as a leading cause of
mortality around the globe (WHO, 2014). Drug resistance
has become a major obstacle to effective TB treatment and
prevention. The spread of TB has been fueled by improper
patient treatment, poor management of drug prescriptions
and drug quality, and airborne transmissions of bacteria in
public places. Strategies to control the spread of TB,
including drug-resistant TB, have relied upon slow and
labor-intensive diagnostic methods such as the acid-fast
bacilli (AFB) smear test (Lawn and Nicol, 2011).
Although this has been used for TB detection for more than

a century, it has a low specificity and sensitivity (CDC,
2013). Accordingly, the development of faster and more
accurate diagnostic tests for M. tuberculosis has been a top
priority in the medical community (WHO, 2009). A
sample-to-result molecular test for TB would have obvious
advantages over conventional smear or culture tests.

The Xpert� MTB/RIF assay detects TB and resistance
to rifampin in sputum specimens by targeting a TB-specific
sequence. Mutations within the rpoB gene, which confer
resistance to rifampin and are often an early marker of
multidrug-resistant TB, are also detected by the assay
(Boehme et al., 2010; Helb et al., 2010). Based on results
from multiple evaluation studies, the sensitivity of the assay
varied from 70e100% in AFB smear test-positive patients.
The specificity of the assay ranged from 91e100%. The
assay’s ability to detect rifampin resistance exceeded 95%
sensitivity and specificity (WHO, 2010). Results from
controlled clinical validation studies of individuals sus-
pected of having TB showed the sensitivity of a single
direct Xpert� MTB/RIF assay to be 73% in smear-negative/
culture-positive samples and 90% when three smear-
negative samples were tested. The specificity of the
Xpert� MTB/RIF assay was 99%. The sensitivity and
specificity of rifampin resistance detection were 99% and
100%, respectively (Boehme et al., 2010; WHO, 2010).

This is not to suggest that the Xpert� MTB/RIF assay is
without limitations. The need for conventional drug resis-
tance testing is not eliminated, as it is still necessary for the
detection of resistance to antibiotics other than rifampin. A
negative Xpert� MTB/RIF assay result does not exclude
the diagnosis of TB. The Centers for Disease Control and
Prevention (CDC) reports that 15e20% of TB cases in the
United States that are reported with negative culture results
may also have negative nucleic acid amplification test re-
sults. This may be due to the low bacterial load or the
presence of inhibitory substances in sputum specimens
(CDC, 2014).

5.3.2 Gastrointestinal Pathogens

Infectious diarrhea impacts millions of people around the
globe each year and is associated with high rates of
morbidity and mortality, especially among children. The
clinical presentation of infectious gastroenteritis is not
informative in terms of specifying an etiologic agent,
because diarrhea is the primary symptom caused by a wide
range of causative agents. The challenge of selecting an
appropriate pathogen identification assay, therefore, is
compounded by the fact that for many pathogens, there is
no diagnostic test available at all (Buss et al., 2015). This
may partially account for the fact that the etiologic agent of
infectious diarrhea is only identified in about 20% of pa-
tients (Scallan et al., 2011). The rapid and accurate detec-
tion of gastrointestinal (GI) pathogens is vital to ensuring
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TABLE 5.2 Characteristics of Pathogens Detected by the FilmArray Respiratory panel�

Pathogen

Classification

(genome)

Season of highest

incidence Infection demographics

Sensitivity

(prospective)

Sensitivity

(retrospective)

Specificity

(prospective)

Adenovirus Adenovirus
(DNA)

Late winter to early
summer

All ages, immunocompromised 88.90% 100% 98.30%

Bocavirus Parvovirus
(DNA)

No peak season All ages 66.70% 100% 99.80%

Coronavirus HKU1 Coronavirus
(RNA)

Winter, spring Children, adults 95.80% n/a 99.80%

Coronavirus NL63 Coronavirus
(RNA)

Winter, spring Children, adults 95.80% n/a 100%

Coronavirus 229E Coronavirus
(RNA)

Winter, spring Children, adults 100% n/a 99.80%

Coronavirus OC43 Coronavirus
(RNA)

Winter, spring Children, adults 100% n/a 99.60%

Human Metapneumovirus Paramyxovirus
(RNA)

Winter, early spring Children 94.60% n/a 99.20%

Human Rhinovirus/
Enterovirus

Picornavirus
(RNA)

Summer, fall, spring All ages 92.70% 95.70% 94.60%

Influenza A Orthomyxovirus
(RNA)

Winter All ages, 5e20% of US
population

90.00% n/a 99.80%

Influenza A/H1 Orthomyxovirus
(RNA)

Winter All ages, 5e20% of US
population

n/a 100% 100%

Influenza A/H3 Orthomyxovirus
(RNA)

Winter All ages, 5e20% of US
population

n/a 100% 100%

Influenza A/H1-2009 Orthomyxovirus
(RNA)

Winter All ages, 5e20% of US
population

88.90% 100% 99.60%
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TABLE 5.2 Characteristics of Pathogens Detected by the FilmArray Respiratory panel�dcont’d

Pathogen

Classification

(genome)

Season of highest

incidence Infection demographics

Sensitivity

(prospective)

Sensitivity

(retrospective)

Specificity

(prospective)

Influenza B Orthomyxovirus
(RNA)

Winter All ages, 5e20% of US
population

n/a 100% 100%

Parainfluenza Virus 1 Paramyxovirus
(RNA)

Fall, periodicity of
1e2 years

Infants, young children,
immunocompromised

100% 97.10% 99.90%

Parainfluenza Virus 2 Paramyxovirus
(RNA)

Fall, periodicity of
1e2 years

Infants, young children,
immunocompromised

87.40% 100% 99.80%

Parainfluenza Virus 3 Paramyxovirus
(RNA)

Spring, summer Infants, young children,
immunocompromised

95.80% 100% 99.80%

Parainfluenza Virus 4 Paramyxovirus
(RNA)

Unknown All ages 100% 100% 99.90%

Respiratory Syncytial Virus Paramyxovirus
(RNA)

Winter, varies by
location

Children, older adults 100% n/a 89.10%

Bordetella pertussis Bacterium
(DNA)

No peak season All ages 100%a 100% 99.90%

Chlamydophila
pneumoniae

Bacterium
(DNA)

No peak season Older children, young adults,
immunocompromised

100%a n/a 100%

Mycoplasma pneumoniae Bacterium
(DNA)

Summer, periodicity
of 4e7 years

Older children, young adults 100%a 90.00% 100%

CE, capillary electrophoresis; NAAT, nucleic acid amplification test; RT-PCR, reverse transcription-polymerase chain reaction.
aBased on less than ten positive samples due to low clinical prevalence in the prospective study.
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appropriate therapy and infection control strategies (Liu
et al., 2012; Khare et al., 2014).

Traditionally, bacterial/viral culture, microscopy to
search for ova and parasites, and antigen-detection assays
were the methods of choice for the identification of GI
pathogens. More recently, singleplex real-time PCR assays
have been developed to identify specific pathogens. These
methods are often time-consuming, labor-intensive, and
often offer little more than one shot in the dark after another
in an effort to identify a causative pathogen. For the
physician, this is not an attractive situation with respect to
patient management, infection control, or public health
strategies (de Boer et al., 2010). The ability to simulta-
neously screen for the presence of a wide variety of po-
tential pathogens through multiplex PCR is an important
feature of many sample-to-answer assays.

The FilmArray� GI panel and the Verigene� enteric
pathogens (EP) panel are two such assays, both of which
are commercially available and FDA approved. The
FilmArray� GI panel is designed to detect 22 targets
(5 viruses, 13 bacteria, and 4 parasites), and the Verigene�

EP panel is designed to detect 9 targets (2 viruses, 5 bac-
teria, and 2 toxins) in a single assay (Khare et al., 2014).

The FilmArray� GI panel showed overall a greater than
90% level of sensitivity and specificity. In a study
involving over 1500 cases, the GI panel was reported to
have 100% sensitivity/positive predictive value for 12 out
of 22 targets (Plesiomonas shigelloides, Salmonella spp.,
Yersinia enterocolitica, Enterotoxigenic Escherichia coli,
Shiga toxin-producing E. coli, E. coli O157, Cryptospo-
ridium spp., Cyclospora cayetanensis, Giardia lamblia,
Astrovirus, Rotavirus A, and Sapovirus). For the remaining
10 targets, the sensitivity/positive predictive value was
>94.5%. Another advantage of the GI panel is the ability to
detect multiple pathogens in a single assay. The use of
conventional methods identified more than one pathogen in
just 8.3% samples. By contrast, the GI panel indicated the
presence of a mixed infection in 31.5% of the specimens
(Buss et al., 2015). An assessment of 611 prospective and
839 contrived specimens conducted with the smaller
Verigene� EP panel showed sensitivities of 97% for
Salmonella spp., 93% for Campylobacter spp., 100% for
Shigella spp., 100% for toxin gene stx1, and 97% for toxin
gene stx2 (Novak SM et al., 2014). Taken together, these
studies demonstrated that the integrated sample-to-answer
diagnostic systems consistently outperform traditional
culture-based methods.

Toxigenic C. difficile is the quintessential hospital-
acquired pathogen in that it is antibiotic-driven and resis-
tant to multiple antibiotics. The estimated prevalence of
C. difficile infections may be as high as 50% in hospitalized
patients where C. difficile infection is endemic, 5e7% in
residents of long-term care facilities, and generally less than
2% in ambulatory adults. Carriage rates are higher in

hospitalized patients who have unrelated conditions that
require long-term treatment with antibiotics, which kill off
other intestinal bacteria that would normally keep
C. difficile in check. The reported incidence of C. difficile
colitis among hospitalized inpatients ranges from 3.8 to 9.5
cases per 10,000 patient days. Rates tend to increase in
proportion to the duration of a hospital stay (Dubberke
et al., 2008; Kyne et al., 2002; Cohen et al., 2010).
C. difficile causes a spectrum of diseases, ranging from
antibiotic-associated diarrhea to pseudomembranous colitis
(Sewell et al., 2014). The fast and accurate detection of
C. difficile infections is important for appropriate antibiotic
treatment and proper control of infection outbreaks.

There are numerous well-established methods available
for the detection of C. difficile in stool specimens, including
stool culture, toxigenic culture, antigen detection, enzyme
immunoassay, and molecular testing (Karen and John,
2011). Stool culture is the most sensitive test available, but
it is laborious, does not detect toxin production, and has a
lengthy turnaround time of up to 4 days. Tissue culture
cytotoxicity assays require more technical expertise, but
they are slightly faster with a turnaround time of up to
2 days. Still, they are less specific and sensitive than PCR
or toxigenic culture-based assays. Antigen-detection assays
based on latex agglutination or immunochromatography are
faster, producing results in under 1 h. Antigen tests, how-
ever, are nonspecific for pathogenic strains. Enzyme im-
munoassays, which are designed to detect C. difficile
toxin A, toxin B, or both A and B, are fast and economical
but are relatively insensitive.

Here again sample-to-answer diagnostic assays offer
superior sensitivity and specificity with a fast turnaround
time. The FDA-approved FilmArray� GI panel discussed
previously includes a single multiplexed assay (Cdiff) for
the identification of toxigenic C. difficile. This assay targets
both the toxin A and the toxin B genes (tcdA and tcdB).
Common toxigenic strains of C. difficile express both
toxins, making the presence of either indicative of a path-
ogenic strain. Empirical testing and in silico sequence an-
alyses indicate that all toxinotypes will be detected by the
assay, including the epidemic North American Profile 1
NAP1/027/BI hypervirulent strain, which has been identi-
fied as a cause of hospital outbreaks worldwide (Chapin
et al., 2011), Although they are detected, these strains are
not specifically differentiated by the GI assay.

The Xpert� C. difficile and Xpert� C. difficile/Epi as-
says have both been approved by the FDA and are per-
formed directly from a stool sample. The former targets the
C. difficile tcdB and has been shown to have a sensitivity of
94% and a specificity of 96% (Novak-Weekley et al.,
2010). The latter assay differentiates the hypervirulent
NAP1/027/BI strain. Similarly, the Verigene� C. difficile
assay has the ability to detect both toxin-encoding tcdA and
tcdB genes, and it identifies the NAP1/027/BI strain
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(Carroll et al., 2013). Regardless of the assay used, rapid
sample-to-answer molecular testing for C. difficile makes it
possible to facilitate a reduction in transmission during
outbreaks by providing cost-effective and timely detection
of the pathogen (Sewell et al., 2014).

Another GI pathogen of concern is norovirus, the most
common cause of acute gastroenteritis, which is highly con-
tagious via the fecal-oral route. Transmission of the disease is
associated with crowded living environments such as cruise
ships, school dormitories, daycare centers, and prisons.
Accordingly, prompt identification of norovirus early in an
outbreak can have a positive impact by informing appropriate
actions to prevent further spread of the disease.

The Cepheid Xpert� Norovirus assay is similar in
design to other GeneXpert� assays. It is performed directly
from stool specimens and distinguishes between Norovirus
genogroups I and II. A study of over 1400 samples found
that compared to a CDC composite reference method, the
Xpert� Norovirus assay demonstrated a positive percent
agreement for genogroups I and II of 98% and 99%,
respectively, and a negative percent agreement of 98% for
both genogroups I and II (Gonzalez et al., 2016).

5.3.3 Sexually Transmitted Pathogens

Prompt diagnosis and treatment of urinary tract infections
(UTIs) and sexually transmitted infections (STIs) can be
critical to a positive patient outcome. Complications from
delays in treatment or ineffective treatment due to mis-
diagnoses can result in an increased risk of acquiring other
pathogens, such as HIV; dissemination of an existing
infection to the circulatory and lymphatic systems; the
development of pelvic inflammatory disease, which can
lead to infertility; and complications with pregnancy,
including damage to the fetus and/or miscarriage. The
ability to rapidly diagnose such infections, particularly
those that may be asymptomatic but still transmissible,
enhances disease management and public health by
improving the rate of treatment and the timely notification
of sexual partners for follow-up testing.

Traditional diagnostic assay methods for the causative
agents of UTIs and STIs include direct culture, serology,
and immunochromatographic tests and nucleic acid
amplification-based tests. Of these, the DNA amplification
assays are generally preferred for the detection of Chla-
mydia trachomatis, Neisseria gonorrhoeae, and Tricho-
monas vaginalis (Papp et al., 2014). For these pathogens,
the lengthy turnaround time from specimen collection to
diagnosis results in a delayed administration of appropriate
therapy and a decreased efficacy of infection control stra-
tegies (Liu et al., 2012; Khare et al., 2014).

As potentially useful as sample-to-answer assay systems
would be in this sphere of infectious disease management,
there is a narrower variety of FDA-approved or clinical

laboratory improvement amendments-waived tests avail-
able. For example, there are no approved sample-to-result
molecular assays for syphilis. New assays for the diagnosis
and quantitation of HIV are still in the development stage.
There is no FDA-approved FilmArray� panel for UTI or
STI pathogens, but a first-generation STI panel was
designed to detect and identify nine common STI patho-
gens (C. trachomatis, N. gonorrhoeae, Treponema pal-
lidum, T. vaginalis, Mycoplasma genitalium, Haemophilus
ducreyi, herpes simplex virus 1 and 2, Ureaplasma ure-
alyticum). This panel was used to test 295 clinical speci-
mens from 190 subjects. The STI panel results were
compared to results from standard clinical tests performed
on duplicate specimens. These included gram staining, wet
mount examination, viral culture, and the serum syphilis
IgG test. Concordance between the FilmArray� STI panel
and standard testing was 83% for T. vaginalis, 98% for
C. trachomatis, and 97% for N. gonorrhoeae. The assay
also detected T. pallidum in samples from four patients who
were subsequently diagnosed with syphilis by serology.

The Cepheid Xpert� CT/NG assay detects
C. trachomatis and N. gonorrhoeae on vaginal swabs,
endocervical swabs, and male and female urine. The
sensitivity and specificity for both targets were found to
exceed 95% and 99%, respectively (Causer et al., 2014).
Illustrating the potential impact of rapid diagnostic sample-
to-answer platforms on public health in a point-of-care
context, asymptomatic men were tested on-site at a sexual
health clinic using the Xpert� CT/NG assay. The rapid
turnaround time of the assay enabled infected patients (14%
of those tested) to receive appropriate treatment 2 days after
their test. In contrast to this, the turnaround time for spec-
imens that were tested at an off-site laboratory using con-
ventional methods was 10 days (Gaydos, 2014). One area
for potential improvement in existing assays is the lack of
validation studies to support the testing of rectal and
pharyngeal specimens. This would be useful, as many
gonococcal and chlamydial infections of the rectal and
oropharyngeal tissues are asymptomatic. Testing of 409
rectal swabs showed the sensitivity and specificity of the
Xpert� CT/NG assay to be 86% and 99.2% for
C. trachomatis and 91.1% and 100% for N. gonorrhoeae,
respectively (Goldenberg et al., 2012).

Infection by herpes simplex virus (HSV)-1 and HSV-2
is a common cause of genital and oral STIs. After an initial
acute phase infection, the viruses typically enter a latent
phase. While the rate of subclinical HSV shedding tends to
decrease after the first year of infection following the initial
clinical episode, viral shedding may persist at high rates in
some infected individuals for several years after infection
(Phipps et al., 2011). In addition, HSV reactivation from
latency after the primary infection can cause a clinical
recurrence of the local disease accompanied by high rates
of viral shedding. The continued risk that this poses both
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for HSV horizontal transmission to sexual partners and
vertical transmission from mother to infant makes the
diagnosis of patients who may be actively shedding
important to disease management. The Simplexa� HSV 1
& 2 Direct Kit was approved for genital swab samples in
2015. According to the manufacturer, the sensitivity and
specificity of the assay from genital swabs for HSV 1 and
HSV 2 exceeds 97% (Focus Diagnostice, 2015).

5.3.4 Central Nervous System Pathogens

Infections of the central nervous system (CNS) are notable
for their diversity and the unique challenges they present
due to the potential morbidity and mortality that they cause
in conjunction with inherent difficulties involved in their
diagnosis and treatment. Patients with CNS infections may
display depressed levels of consciousness, photophobia,
altered mental states, fever, lethargy, and a wide range of
other symptomology. The etiologic agents of CNS in-
fections may range from viruses and bacteria to fungi and
even parasites. Such infections often produce changes in
the cerebrospinal fluid (CSF), which makes it a valuable
specimen for diagnostic analyses.

Viral infection is the most common form of aseptic
meningitis, and enteroviruses are the most common viral
cause, particularly in pediatric cases (Hong et al., 2015).
While the disease is generally self-limiting and is typically
treated with supportive therapy, it can be difficult based on
symptomology to differentiate it from early stage bacterial
meningitis, which is a far more serious disease that can lead
to death within hours or leave patients with permanent
brain damage, hearing loss, and learning disabilities.
Because of the potential seriousness of CNS infections, it is
not unusual for a patient to be admitted and treated with
broad-spectrum antibiotics until a clear diagnosis is made.
Therefore it would be reasonable to postulate that the rapid
and accurate diagnosis of enteroviral-associated meningitis
infections would help to prevent the unnecessary use of
antibiotics, shorten the duration of hospitalization, and
reduce healthcare costs (Ramers et al., 2000; King et al.,
2007). This represents an ideal context for accurate and fast
sample-to-answer assay systems.

The FilmArray� Meningitis/Encephalitis Panel was
FDA approved in 2015. The panel targets 14 pathogens for
detection (E. coli K1, Haemophilus influenzae, Listeria
monocytogenes, Neisseria meningitidis, Streptococcus
agalactiae, Streptococcus pneumoniae, cytomegalovirus,
enterovirus, HSV-1, HSV-2, HHV-6, human parechovirus,
varicella zoster virus, and Cryptococcus neoformans). A
preclinical assessment of the panel using CSF specimens
reported positive and negative agreements across methods
of 93% and 92%, respectively. Results obtained with the
Meningitis/Encephalitis Panel were compared to results
with routine testing methods, and discrepancies were

resolved through the use of additional nucleic acid ampli-
fication tests or by direct sequencing (Hanson et al., 2015).
A second study using the panel with an HIV-infected
population in Uganda detected Cryptococcus in the CSF
of patients diagnosed with a first episode of cryptococcal
meningitis by fungal culture with 100% sensitivity and
specificity (Rhein et al., 2016).

The Cepheid Xpert� EV assay also tests for the pres-
ence of enterovirus RNA in CSF. The manufacturer reports
that the specificity and sensitivity of the assay exceed 96%
and 97%, respectively. An independent set of studies
compared patients with aseptic meningitis who had been
diagnosed using the Xpert� EV assay to patients diagnosed
on the basis of a conventional in-house PCR assay and to
patients who had not been diagnosed at all. Those patients
for whom a diagnosis was confirmed on the Xpert� EV had
a significantly shorter duration of broad-spectrum antibiotic
administration, and fewer patients received acyclovir. The
average length of stay for these patients was only 0.5 days,
compared with 2 days and 4 days for patients in the group
with conventional PCR or no diagnosis, respectively. The
reported sensitivity for this assay was 95e100%, and the
specificity was 100% (Giulieri et al., 2015; Marlowe et al.,
2008; Kost et al., 2007).

In addition to their disease-causing potential in STIs,
HSV-1 and HSV-2 can also cause encephalitis, with HSV-1
being more common in pediatric cases. Immediate treat-
ment with the antiviral drug acyclovir is indicated for those
patients suspected (based on symptomology) of having
HSV-associated encephalitis. Left untreated, the mortality
rate for these patients approaches 70% (Raschilas et al.,
2002). Ironically, the administration of powerful antiviral
drugs to a patient may actually interfere with traditional
diagnosis by viral culture, resulting in false negative results.
Such adverse effects do not impact PCR-based assays,
which makes the detection of HSV using either the
FilmArray� Meningitis/Encephalitis Panel or the
Simplexa� HSV 1 & 2 Direct Kit (which is approved for
use with CSF specimens) faster and more reliable diag-
nostic options.

5.4 FORENSIC APPLICATIONS:
PERFORMANCE FOR HUMAN IDENTITY
TESTING

Around the world, there has been a rapid growth in demand
by law enforcement agencies for Human DNA Identity
testing (i.e., DNA profiling) in connection with criminal
investigations. This has driven the development of more
expedient techniques to handle the increasing number of
samples being submitted for analysis. Multiarray capillary
electrophoretic instruments that allow for the simultaneous
analysis of multiple samples as well as direct PCR
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amplification methodologies, which eliminate the need for
extraction and quantification, have both accelerated indi-
vidual steps of the DNA analysis process. Still, accurate
human DNA profiling of trace and otherwise challenging
samples still requires substantial hands-on time by trained
forensic analysts in centralized laboratories where
segmented workflows are used to extract DNA, amplify
target genetic markers, fractionate amplicons, and interpret
data to produce a meaningful DNA profile.

The full integration of all steps in the DNA processing
workflow into a compact system has been termed “rapid
DNA.” Automated rapid DNA systems allow for the gen-
eration of full STR DNA profiles in a fraction of the time
required by conventional laboratory methods with minimal
user intervention. This provides forensic investigators and
law enforcement with the ability to identify possible per-
petrators more quickly, which represents an advantage
when trying to obtain a warrant or to apprehend a suspect.
Aside from assisting law enforcement and military intelli-
gence with the generation of investigative leads, these rapid
DNA systems also provide forensic laboratories with faster
sample processing times for the analysis of reference
samples.

The full potential value of these sample-to-profile sys-
tems became evident after the US Supreme Court decision
in Maryland v. King, 133S.Ct. 1958 (2013). The court
ruled that the collection and analysis of a buccal swab from
an arrestee for DNA profiling purposes was a legitimate
police booking procedure. Moreover, the court ruled that
the arrestee’s DNA profile could be used by law enforce-
ment to search a criminal DNA database as part of deter-
mining whether or not to release the individual who was
arrested. This decision made instantly obvious the need for
and value of being able to generate DNA profiles of ar-
restees at police booking stations rather than at off-site
forensic laboratories.

The first fully integrated rapid DNA system for human
identification was the RapidHIT� 200 Human DNA Iden-
tification System from IntegenX. When used with the
GlobalFiler� Express assay, the system produces a DNA
profile consisting of 21 autosomal and 3 sex-determining
markers from buccal swabs and other sample types in
less than 2 h. Regardless of its speed, this integrated system
would not be of use for forensic purposes if it did not meet
acceptable sensitivity, precision, and accuracy standards.
When used with reference quality buccal swabs, the plat-
form has over an 88% success rate in producing complete
profiles (Jovanovich et al., 2015). When a dilution series of
DNA is placed onto swabs and introduced into the plat-
form, full profiles are obtained with 200 ng of DNA, and
partial profiles are obtained with as little as 10 ng of input
DNA. Buccal swabs analyzed on the RapidHIT� 200
system have been found to be 100% concordant with pro-
files generated by traditional laboratory methods, and

resultant alleles size within 0.5 bp of corresponding alleles
in the allelic ladder, demonstrating acceptable precision
(Hennessy et al., 2014). These data support the use of the
RapidHIT� 200 system for the analysis of single-source
buccal samples for the expedient profiling of reference-
quality samples.

Aside from aiding forensic laboratories in processing
reference samples more quickly, there are multiple appli-
cations for rapid DNA testing of reference samples. Federal
immigration officials are investigating the use of this
technology for the analysis of reference type samples to
verify that children entering the United States are related to
their accompanying adults. The Department of Homeland
Security would like to employ rapid DNA testing to support
or reject claims of familial relatedness that are used to
justify permission to immigrate. At borders and ports, this
technology could help to ensure that individuals entering
the county are not in terrorist DNA databases. Another
rapid DNA system, the DNAscan� from Healthcare and
NetBio, was the first rapid DNA system approved for the
upload of generated reference DNA profiles into the
National DNA Index System by the FBI. This clearly
demonstrates that these systems have the ability to generate
actionable intelligence for law enforcement (Tan et al.,
2013).

In the United States, police agencies in Arizona, Florida,
and South Carolina, to name a few, have also begun using
this platform for the generation of investigative leads for
casework samples. The rate of DNA profiling success for
casework samples appears to be sample-dependent, but full
profiles have been generated from cigarette butts (range of
success 0e100%, n ¼ 29 samples from 6 donors); drinking
items (range of success 6e100%, n ¼ 13 samples from 10
donors); and chewing gum (range of success 0e100%,
n ¼ 23 samples from 16 donors) (Verheij et al., 2013).
Given this high variability in success rates for profile
detection with forensic type samples, additional improve-
ments in the sensitivity of these systems will be needed to
allow for their application to the analysis of more chal-
lenging sample types, such as touch or contact DNA sam-
ples, which typically have only trace quantities of DNA.

When DNA quantities are not as limiting as with touch
type samples, it has been demonstrated that it is possible to
produce full DNA profiles using traditional laboratory
methodologies following a reextraction of samples previ-
ously analyzed by the RapidHIT� system. This indicated
that the RapidHIT� system does not consume all available
biological material (Thong et al., 2015; Verheij et al.,
2013). This is important considering the limited nature of
many forensic type samples, since it demonstrates that if
further efficiencies in DNA extraction can be achieved, the
success rate with casework samples might be improved.

Police are interested in the analysis of casework samples
such sample-to-profile integrated systems in order to
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determine, prior to suspect release, whether an individual is
potentially connected to an item of evidence from a crime
scene. Military applications for casework samples include
analyses of munitions and weapons to determine attribu-
tion. Currently, however, FBI policy requires all casework
samples to undergo a human-specific quantification step.
As this step is not part of the integrated workflow on any
sample-to-profile system, casework samples analyzed using
rapid DNA systems must still be reanalyzed following a
traditional laboratory workflow. This exemplifies how ad-
vances in technology can push ahead of existing policy.
The more widespread use of sample-to-profile systems for
casework samples, therefore, will necessitate a change in
official policy, taking into account the technical capabilities
of these new platforms. Alternatively, a quantification
module would need to be added to rapid DNA systems,
even though it is not necessary for the accurate and reliable
operation of the instrument.

5.5 CONTINUING EVOLUTION OF
SAMPLE-TO-ANSWER TECHNOLOGIES

The development of PCR technology initiated a trans-
formational change in the field of molecular biology. The
rapid growth in the “big data analytics” of the human
genome has been a major driving force behind a similar
transformational change in medical diagnostics. Where
health care once meant diagnostic and treatment options
tailored to the physiology of the average patient, physicians
and other healthcare professionals now speak of the promise
of “Precision Medicine” personalized to a patient’s unique
physiology and genetic background. An important part of
making personalized care a reality is the ability to obtain
patient test data in a manner that is timelier than that possible
using traditional labor-intensive assay methods. One of the
important goals of molecular diagnostics, therefore, has al-
ways been the development of faster and more cost-effective
approaches to performing diagnostic assays. Initially, this
took the form of an emphasis on large-scale automation and
high-throughput instrumentation in centralized laboratories
using one-size-fits-all segmented workflows.

By bringing analyses closer to the patient in the form of
“Point-of-Care Diagnostics” it was hoped that several
process steps could be eliminated, thereby facilitating a
shorter time to result, a faster health management response,
better therapeutic turnaround times, and ultimately a greater
opportunity for improved patient outcomes. Making this
goal a reality, however, was not to be achieved by relying
on large-scale automation but rather on process integration
and miniaturization driven largely by advances in engi-
neering guided by the diagnostic needs of physicians and
patients. Specifically, advances in microfluidics and
microscale automation made it possible to fully integrate,

on a handheld scale, the previously segmented processes of
nucleic acid extraction and purification, PCR amplification,
amplicon detection, and even such complex tasks as elec-
trophoretic size fractionation. With miniaturization also
came the ability to reduce processing times so as produce
answers more quickly. So simple, reliable, and user friendly
are these fully integrated diagnostic systems that the terms
“sample-to-answer” and “sample-to-profile” testing have
entered the common lexicon of both the molecular diag-
nostic and the forensic/human identity testing communities.

The economic forces of the diagnostics industry have
motivated both well-established players like GE and a host
of new market entrants to develop and make commercially
available a rapidly expanding selection of diagnostic and
DNA profiling tools. A major area of focus of these com-
mercial systems has been assays for infectious disease di-
agnostics. Given that this industry is still in its infancy,
however, there is still enormous room for growth and
technological improvement. The menu of available assays
can be expanded to new pathogen panels, drug resistance
panels, and assays for genetic markers of human disease
predisposition. Cepheid has already moved in this direction
with their Xpert� FII & FV assay for human gene variants
associated with thrombophilia. Of course as infectious
pathogens mutate, there will be a need for modified assays,
and existing assays can be improved for the use of more
patient sample types. On the engineering side, continued
advances in material science and fabrication technologies
will drive the development of true point-of-care diagnostics
instruments that are smaller, faster, and portable enough to
be used at a patient’s bedside.

While this industry is well positioned for a bright future,
one potential obstacle that will need to be addressed in
regard to sample-to-answer devices is cost, not so much for
the instrument base units but rather the costs per assay,
which, in most cases, are appreciably higher than the price
of more traditional assay methods. Of course it can be
argued that, as with all new technologies, costs will
invariably drop as the technology matures. Moreover, since
many of these assays target multiple pathogens in a single
assay run, the cost per pathogen targeted provides users
with a better overall value than if the same series of tests
had all been performed on an à la carte basis. It also may be
worth asking if the ability to easy test for a wide range of
pathogens in a simple 1-h test will produce a shift in how
physicians think about patient diagnostics. Will multiplex
panels reduce the amount of time that physicians would
normally spend trying to narrow a preliminary diagnosis to
a “most likely causative agent” that can be tested for? Will
routine testing for pathogens that might not rise to the top
of a physician’s list of “most likely suspects” provide new
insights on the complexity of disease processes and ensure
more responsive care for those patients whose conditions
do not fall within the most probable etiology?
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The importance of validation studies demonstrating the
reliability, precision, and accuracy of sample-to-answer as-
says cannot be overstated, but these will need to go hand-in-
hand with rigorous assessments of the impact of these sys-
tems on patient care. It is necessary but not sufficient that an
assay be “fit for purpose”. Ultimately, the long-term success
of these amazing systems will rest on the ability to show a
clear value. For sample-to-profile systems used for human
identity testing, that value might be quantified in terms of
crimes prevented or solved. For medical diagnostic assays, it
will be necessary to demonstrate that their use results in
shorter hospital stays, the elimination of unnecessary or
ineffectual treatments, improved patient outcomes, and an
overall quantifiable reduction in healthcare costs.
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6.1 INTRODUCTION TO MELTING
ANALYSIS

DNA melting or denaturation occurs when double-stranded
DNA (dsDNA) separates into random coils of single-
stranded DNA. The melting of DNA can be followed
with dyes that fluoresce in the presence of dsDNA. When a
polymerase chain reaction (PCR) product is melted in the
presence of a dsDNA dye, the fluorescence is monitored
continuously and plotted against the temperature. As the
temperature increases, there is a characteristic drop in
fluorescence at high temperature that coincides with the
denaturation of the PCR product. The melting profile of a
PCR product depends on its guanine-cytosine (GC) con-
tent, length, and sequence. Short PCR products usually
melt in a single transition. The melting temperature is the
temperature at which 50% of the DNA is double-stranded
and the remainder is single-stranded. Longer PCR prod-
ucts often melt in multiple transitions, corresponding to
melting domains of different stability. It has become
common practice to melt PCR products after amplification
to assess their identity and purity.

Traditional genotyping by melting analysis relies on the
use of labeled probes. Variants under the probe are detec-
ted, but not those outside the probe region. Conventional
variant scanning identifies variants anywhere within a PCR
product, but it requires separation of the mixture through a
gel or other matrix. In contrast, high-resolution melting is a
closed-tube, homogeneous technique that does not require
labeled probes or sample processing after PCR. Both gen-
otyping and scanning are performed with only a dsDNA
dye and two primers. For fine discrimination of multiple
variants within a particular region, an unlabeled probe or

snapback primer tail can be included. High-resolution
melting can rapidly establish sequence identity when spe-
cific genotyping is not required, as in human leukocyte
antigen (HLA) matching or the assessment of repeated
DNA segments. Melting is nondestructive, allowing sub-
sequent analysis of the PCR product when necessary. The
simplicity and speed of high-resolution melting analysis are
attractive and are reflected by its increasing use in molec-
ular diagnostics. The method is enabled by high-resolution
melting instruments and dsDNA dyes that detect hetero-
duplexes. High-resolution melting analysis has previously
been reviewed (Reed et al., 2007; Erali et al., 2008a;
Montgomery et al., 2010; Vossen et al., 2009). Additional
reviews that focus on specific applications include micro-
biology (Ruskova and Raclavsky, 2011; Tong and Giffard,
2012), genetics (Er and Chang, 2012), scanning (Taylor,
2009; Erali and Wittwer, 2010), and single-nucleotide
polymorphisms (Bruzzone and Steer, 2015).

6.1.1 History

Fluorescent melting curve analysis was introduced as an
integral part of real-time PCR (see Chapter 4) with the
LightCycler� in 1997 (Wittwer et al., 1997a). Instead of
looking at product fluorescence once every cycle, contin-
uous monitoring during PCR was performed (Wittwer
et al., 1997b). The dsDNA dye SYBR� Green I allowed
both template quantification and melting curve analysis to
distinguish among PCR products (Ririe et al., 1997). In
many cases the need for further analysis by electrophoresis
was eliminated.

High-resolution amplicon melting was first reported
using a 50-labeled primer to provide the fluorescence signal.
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Both heterozygous and homozygous single-base variants
were identified (Gundry et al., 2003). However, a fluo-
rescently labeled primer was needed and only variants
residing in the melting domain of the labeled primer were
detected. The introduction of dsDNA dyes that efficiently
detect heteroduplexes eliminated the need for labeled
primers (Wittwer et al., 2003). For the first time, hetero-
zygous variants anywhere between the primers could be
easily detected with no processing or separation steps after
PCR.

The first report of genotyping by fluorescent melting
curve analysis used hybridization probes and fluorescence
resonance energy transfer (Lay and Wittwer, 1997). A
fragment of F5 containing the variant g.1691 A > G (Lei-
den) was amplified by asymmetric PCR. The reaction
included a Cy5 labeled primer and a 30-fluorescein labeled
probe covering the variant site. When the fluorescein probe
was hybridized to the extension product of the Cy5 primer,
energy transfer enhanced the Cy5 fluorescence. Melting of
the duplexes provides the genotype because the different
alleles resulted in different probe melting temperatures.
Combined with rapid cycle PCR (Wittwer et al., 1994),
amplification and genotyping required only 30 min. Sub-
sequently, genotyping with two adjacent hybridization
probes (HybProbes�), each labeled with a donor or
acceptor fluorophore, was first demonstrated using HFE
variants (Bernard et al., 1998). The method was later
simplified by using one fluorescein-labeled probe
(SimpleProbe�) instead of two probes (Crockett and
Wittwer, 2001).

Genotyping by melting without labeled probes was first
achieved using SYBR� Green I and allele-specific PCR
using three primers, one with a GC tail to discriminate al-
leles (Germer and Higuchi, 1999). Later, the need for
allele-specific PCR and GC tailing was eliminated by small
amplicon melting, a method enabled by high-resolution
melting. Only two standard primers and a dsDNA dye
that detects heteroduplexes were required (Liew et al.,
2004). For probe-based genotyping, the same dsDNA dye
can detect the melting of unlabeled probes (Zhou et al.,
2004a,b). Unlabeled probe genotyping uses three standard
oligonucleotides (the probe is blocked at the 30-end to
prevent extension) and can easily identify homozygous
variants that may be difficult to genotype by amplicon
melting alone.

Alternatively, snapback primer genotyping uses only
two primers, one with a 50-tail that serves as the probe
element, forming an intramolecular hairpin (Zhou et al.,
2008). Asymmetric PCR is usually required for sufficient
single-stranded product to hybridize to unlabeled probes or
snapback primers. Two melting regions are observed, one
for the probed region and another for the amplicon,
allowing simultaneous genotyping and variant scanning in
the same assay (Zhou et al., 2005).

In this chapter, we consider only methods that do not
require labeled oligonucleotides, focusing on high-
resolution melting with dyes that increase in fluorescence
when bound to the surface and/or intercalate into dsDNA.
Multiplexing by colored probes is common in real-time
PCR despite its complexity and cost. Multiplexing by
melting temperature (Tm) allows low-cost generic dyes to
replace more expensive covalent labels. Higher-order
multiplexing by combining Tm and color for two-
dimensional analysis can be powerful (Chakravorty et al.,
2010), but is not considered here. Similarly, melting anal-
ysis of bound duplexes is not covered (Meuzelaar et al.,
2007; Marcy et al., 2008). The high-resolution melting
methods described here are best used to analyze a limited
number of targets in many samples, in contrast to many
targets on a few samples where massively parallel
sequencing and array methods are supreme. We focus on
what any laboratory can do with dyes and simple oligo-
nucleotides in a closed tube. As it turns out, simple, low-
cost melting can do much more than most people realize.
A common abbreviation for high-resolution melting
(HRM�) has been used as a trademark and is not used here.
If abbreviations are necessary, “HRMA” is generic and
does not have commercial implications.

High-resolution melting has been compared with other
analysis methods. It is more sensitive than denaturing high-
pressure liquid chromatography (Sumer Celebi and Ozdag,
2014; Tsai et al., 2011; Wang et al., 2015a). When blood
cultures are analyzed for bacteria (Jeng et al., 2012) or yeast
(Duyvejonck et al., 2015), the concordance between high-
resolution melting and mass spectroscopy is high. Most
discrepancies resolved in favor of melting, but poly-
microbial samples were better detected with mass spec-
troscopy. Sanger sequencing identifies the position and
base change of any variant, but high-resolution melting has
fivefold better sensitivity (Gorniak et al., 2015). Massively
parallel sequencing has similar sensitivity and produces
massive amounts of sequence, but high-resolution melting
is faster, less expensive, and easier to use for specific tar-
gets (Hinrichs et al., 2015). In studies where high-
resolution melting is compared with exonuclease probes
and allele-specific PCR, concordance is high and all three
assays perform well (Perera et al., 2015; Zhang et al.,
2015a,b) with rare genotyping errors in some exonuclease
assays (Janukonyte et al., 2010).

6.1.2 Components of the Technology

High-resolution melting of DNA for genotyping, scanning,
and sequence matching was made possible by three de-
velopments in the early 2000s. First, dsDNA dyes that
detect heteroduplexes were identified from existing com-
mercial dyes or by new design and synthesis. Second,
dedicated high-resolution melting instruments became
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available and existing real-time PCR instruments were
modified to increase their melting resolution. Finally,
software for data normalization, curve shape comparison,
and genotype clustering were developed. Used in concert,
these tools increase melting curve quality and allow the
detection of small sequence differences in PCR products.

6.1.2.1 Double-Stranded DNA Dyes for
Melting Analysis

dsDNA binding dyes monitor the melting of entire PCR
products. Traditionally the dye SYBR� Green I was used
as a sensitive and convenient dye for quantitative PCR and
product melting analysis (Wittwer et al., 1997a). Early re-
ports demonstrated single-base genotyping in products up
to 167 base pairs (bp) (Lipsky et al., 2001). However, the
protocol required purifying the samples after PCR, fol-
lowed by the addition of high concentrations of dye. Un-
fortunately, SYBR Green I inhibits PCR at these high
saturating concentrations (Wittwer et al., 1997b). At dye
concentrations that are compatible with PCR, lower melting
products are difficult to observe, possibly because of dye or
strand redistribution during melting and/or GC specificity
(Wittwer et al., 2003; Giglio et al., 2003). That is, when
multiple products are present after amplification, although
the lower Tm products are present, they may not be
observed during melting. This includes the lower Tm het-
eroduplexes formed during amplification of a heterozygote.
Indeed, most dsDNA dyes, including SYBR Green I,
ethidium bromide, SYBR Gold, Pico Green, TOTO�-1,
and YOYO�-1 do not detect heteroduplexes well (Wittwer
et al., 2003). Nevertheless, SYBR Green I can detect het-
erozygotes in a closed-tube system (Dufresne et al., 2006).
That is, you do not have to detect heteroduplexes to detect a
heterozygote. When heteroduplexes are not detected, low-
temperature transitions are not observed and the heterozy-
gote appears between the two homozygote melting curves.
SYBR Green I genotyping is consistently successful when
the melting differences between genotypes are large, as
after gap PCR (Pornprasert et al., 2008), repeat typing
(Nguyen et al., 2012), or methylation analysis (Worm et al.,
2001). When the Tm difference between homozygotes is
small, using a dye that detects heterduplexes will facilitate
detection of heterozygotes.

Different dsDNA dyes detect heteroduplexes to a
greater or lesser extent. Fig. 6.1 compares LCGreen� Plus
with SYBR Green I and two other commercial dyes that
have been used to detect heteroduplexes. The apparent
heteroduplex percentages observed were 23.5% for
LCGreen Plus, 17.6% for SYTO� 9 (Thermo Fisher Sci-
entific), and 15.2% for EvaGreen� (Biotium). The per-
centage of observed heteroduplexes correlates with the ease
of heterozygote detection and scanning sensitivity.
SYTO 13 and SYTO 16 may also be suitable for real-time

PCR and high-resolution melting (Radvanszky et al.,
2015). Unlike SYBR Green I, “saturating” dsDNA dyes do
not inhibit PCR at saturating concentrations.

LCGreen dyes are asymmetric cyanines specifically
developed for heteroduplex detection (Dujols et al., 2006).
SYTO 9 was initially marketed as a nucleic acid stain for
both gram-positive and gram-negative bacteria. EvaGreen
was developed for DNA quantification in capillary gel
electrophoresis and quantitative PCR. dsDNA dyes gener-
ally increase DNA melting temperatures and may require
adjustment of cycling parameters. If the melting tempera-
ture of an amplicon is already high, an agent such as
dimethyl sulfoxide (DMSO), glycerol, or betaine may be
required to prevent apparent “inhibition.” DMSO has been
reported to increase scanning sensitivity (Song et al., 2015).

6.1.2.2 Instrumentation

High-resolution melting needs to discriminate small
melting curve differences. As PCR products become larger,
the differences between them become smaller (Gundry
et al., 2003; Reed and Wittwer, 2004) and instrument
precision becomes more critical. Standard real-time

FIGURE 6.1 Heterozygote detection with different dyes. The ability to
detect heterozygotes was compared among three saturating dyes
(LCGreen� Plus, SYTO� 9, and EvaGreen�), and the nonsaturating dye,
SYBR� Green I. A short amplicon surrounding the p.F508del site of
CFTR was amplified using heterozygous p.F508del DNA as the template.
High-resolution melting analysis (HR-1�, BioFire Defense) was per-
formed and the data were plotted as a negative derivative after background
removal, normalization, and curve overlay. In each case, optimal dye
concentrations were used that minimized polymerase chain reaction inhi-
bition and maximized heteroduplex detection. Although heteroduplexes
are not observed with SYBR Green I, increasing heteroduplex signals are
observed for EvaGreen, SYTO 9, and LCGreen Plus. bp, base pair.
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instruments are not designed for high-resolution melting.
High-resolution melting and real-time PCR platforms have
been evaluated using identical melting analysis software
(Herrmann et al., 2006, 2007a,b; Li et al., 2014). In the first
set of studies (Herrmann et al., 2006, 2007a,b), two tech-
nical metrics were evaluated. The first, variation in curve
shape, is most important in variant scanning and hetero-
zygote identification. This is the variation remaining after
the curves are overlaid to best compare curve shapes and is
determined in part by data acquisition density. The second
technical metric, variation in absolute temperature, is
important for distinguishing different homozygotes that
differ by melting temperature. Air-controlled and single-
sample systems performed better than did plate-based
systems by this metric. These early studies showed that
instruments designed for high-resolution melting have
lower temperature variation and are better scanning and
genotyping platforms.

High-resolution melting assays can often resolve vari-
ants even when their Tm difference is predicted to be at or
near zero. This is because nearest-neighbor theory does not
fully encompass all DNA stability effects. The abilities of
high-resolution melting instruments to genotype a nearest-
neighbor symmetric, Class 4 single nucleotide variant
with a predicted change in melting temperature of 0.00�C
(Li et al., 2014) were compared. Using manufacturer-
recommended melting conditions, heterozygote detection
and homozygote differentiation were assessed in four PCR
product lengths of 51e547 bp with LCGreen Plus dye.
Over all instruments, heterozygote genotyping accuracy
was excellent (99.7%; n ¼ 2141), whereas homozygote
accuracy was only 70.3% (n ¼ 4441). Fig. 6.2 shows the

variability in homozygote genotyping accuracy for the in-
struments that were available. Instruments with single-
sample detection (individual melting or optical scanning)
performed better than did full-plate imaging with temper-
ature variation roughly half that of full-plate instruments.
Variations in fluorescent intensity and temperature across a
plate contribute to the increased temperature variation.
Resolution may also differ among different models of the
same manufacturer (Li et al., 2014; Ebili and Ilyas, 2015).

Unfortunately, many manufacturers improved melting
resolution simply by increasing the melting time to collect
more points, so that melting on some instruments now takes
over an hour to perform. In contrast, many of the early,
dedicated melting instruments required only 1e5 min for
melting curve acquisition with excellent resolution,
although some of these are no longer commercially avail-
able. Ten data points per degrees centigrade appear
adequate to capture the features important in melting
curves. The fastest rate reported for high-resolution melting
is 0.5�C/s, generating melting curves in <1 min. This has
been referred to as “high-speed melting” (Cao et al., 2015;
Sundberg et al., 2014). More important than the data den-
sity is the accuracy of the temperature measurement.

As shown in Fig. 6.2, accurate temperature measure-
ment and control are not trivial tasks and are further
complicated when multiple samples are measured. The
mismatch between instrument and solution temperatures
during thermal cycling and melting has been studied
(Sanford and Wittwer, 2013). Using a temperature-sensitive
dye for temperature measurement, the solution temperature
lagged behind instrument temperature by up to 8�C during
cycling, often requiring 5e10 s at target temperatures for

FIGURE 6.2 Homozygous genotyping accuracy on 10 instruments of four polymerase chain reaction product lengths. The instrument melting rates
decrease from left to right. Manufacturer-recommended melting conditions were used and melting curve analysis was performed with custom software.
Genotyping accuracy was best when single samples were interrogated by either individual melting (HR-1�) or optical scanning of samples (CFX96�).
Instrument abbreviations and their manufacturers are as follows: HR-1� (HR1, BioFire Defense), LightScanner� 32 (LS32, BioFire Defense), Light-
Scanner� 96 (LS96, BioFire Defense), Eco� (Eco, Illumina), LightCycler� 480 (LC480, Roche), PikoReal� 96 (Piko, ThermoFisher Scientific), Rotor-
Gene� Q (Rotor36/72, 36 and 72 sample carousels, Qiagen), CFX96� (CFX96, Bio-Rad), and StepOnePlus� (StepOneþ, ThermoFisher Scientific).
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equilibrium. Melting curves were also displaced
0.2e1.1�C. Measurement of solution temperature with
fluorescence improves temperature accuracy and thus high-
resolution melting results. Innovative methods for
improving temperature precision are needed as new in-
struments continue to be introduced. It is hoped that
competition among manufacturers will improve melting
hardware in the future, because genotyping accuracy and
scanning sensitivity depend solely on instrument precision
to resolve small differences between melting curves. In
addition to the technical performance of melting in-
struments, there are many other factors to consider. The
“best” instrument depends on the primary application and
the relative needs for throughput, turn-around time, sample
format, and economy.

6.1.2.3 Data Analysis

Melting data are usually processed before final presenta-
tion. However, viewing the original data is important for
quality control and to establish the data density (points per
degrees centigrade). The actual data points (not smoothed
curves) should be displayed after analog to digital con-
version but before software manipulation. The absolute
sample fluorescence depends on the sample volume, dye
concentration, instrument optics, and PCR amplification.
Samples that amplify poorly (including any negative con-
trols) will have low fluorescence and should not be
normalized or further analyzed. If the melting transition is
unexpectedly meager or multiple transitions are observed
when only one is expected, unintended (“nonspecific”)
PCR products are likely. It is best first to optimize the PCR
by annealing temperature gradients and gels before melting
analysis is attempted. Tms and profiles can be predicted
(Dwight et al., 2011; Rasmussen et al., 2007) and if the
experimental curves are different from these predictions,
the PCR is again suspect. Different samples will usually
vary in absolute fluorescence as a result of optical and/or
volume differences (Fig. 6.3A).

Data analysis software is variable across instruments,
with certain features offered by some manufacturers and
excluded by others. Some instruments require laborious
calibration before high-resolution melting can be per-
formed. Value-added (i.e., expensive) software packages or
even monthly software fees may be required. Nevertheless,
a few simple steps can turn data that appears highly vari-
able (Fig. 6.3A) into discrete clusters that correlate with
genotype (Fig. 6.3CeE).

6.1.2.3.1 Background Removal

High-resolution melting curves are easier to compare after
the fluorescence background is removed. Although the
sharpest drop in fluorescence occurs as the amplicon
melts, fluorescence also decreases with temperature

outside the melting transition. This decrease is nearly
linear on each side of the derivative peak of the PCR
product (Gundry et al., 2003). When not removed, it also
elevates the low-temperature baseline on derivative plots.
Most commercial software does not remove this back-
ground, limiting any match to predicted melting curves
because the fluorescence includes both background and
duplex melting components. To remove the fluorescence
background, linear extrapolation can be used and is the
accepted method for absorbance melting curves (Mergny
and Lacroix, 2003). This simple method transfers well to
fluorescent amplicon melting if only one melting transi-
tion is present. However, fluorescence melting introduces
new artifacts not seen with absorbance, particularly at low
temperatures where transient associations between primers
may interact with dye at high concentrations. This back-
ground is better approximated by an exponential if:
(1) multiple melting transitions are present, or (2) there are
both low (probe) and high (amplicon) temperature tran-
sitions (Erali et al., 2008b). If the background is properly
removed, the fluorescence both before and after duplex
melting will be horizontal, correctly converting fluores-
cence to DNA helicity.

6.1.2.3.2 Normalization

Multiple samples will differ in absolute fluorescence in-
tensity because of optical efficiency differences between
samples (both on excitation and emission). Normalization
plots all curves between 100% (completely hybridized) and
0% (completely single-stranded). Although differences in
fluorescence magnitude are lost with normalization, the
melting transitions are much easier to compare. Melting
curves after background removal and normalization are
shown in Fig. 6.3B.

6.1.2.3.3 Curve Overlay

Overlay of melting curves provides the best sensitivity for
heterozygote detection. This is true irrespective of the in-
strument because all instruments show some temperature
variation between samples and all samples are not identical
because of pipetting and evaporation variation. These dif-
ferences can be decreased by overlaying all curves so that
they are superimposed over the high-temperature region
(usually between 2% and 5% normalized fluorescence).
This curve overlay allows for easy identification of het-
erozygotes by their melting curve shapes. However, abso-
lute temperature differences between samples are lost, so
that variant homozygotes are more difficult to identify after
curve overlay. In general, when it is important to identify
homozygous variants, data should be examined both with
and without curve overlay. Overlaid melting curves after
background subtraction and normalization are shown in
Fig. 6.3C.
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6.1.2.3.4 Derivative Plots

Negative first derivative plots are used extensively in labeled
probe genotyping (Lay and Wittwer, 1997; Bernard et al.,
1998) and low-resolution amplicon melting analysis (Ririe
et al., 1997). The negative first derivative is usually deter-
mined by SavitzkyeGolay polynomial estimation (Wittwer
andKusukawa, 2011).Whenmelting curves are converted to
derivative plots, curve peaks approximate Tms unless the
peaks are asymmetric. Unlabeled probe (Zhou et al., 2004a)

and snapback primer genotyping (Zhou et al., 2008) typically
use derivative plots for analysis. Although derivative plots
can be used for high-resolution amplicon melting
(Fig. 6.3D), high-resolution data are best presented without
the smoothing process inherent in taking a derivative.

6.1.2.3.5 Difference Plots

High-resolution scanning data are best presented on dif-
ference plots (Fig. 6.3E). Different genotypes are easiest to
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FIGURE 6.3 High-resolution melting curve analysis. Polymerase chain reaction amplicon melting curves reveal duplex melting as a sharp drop in
fluorescence with increasing temperature. The data displayed in all panels include four melting curve clusters of CFTR, exon 11. (A) The original data,
showing variation in fluorescence among samples at low temperature owing to optical or sample differences, do not separate into four clusters.
(B) Normalized data, correcting for the temperature effect on fluorescence, still do not completely separate the four clusters. (C) Curve overlay of
normalized data compares the shape of the melting curves. Although the differences between clusters are small, they are now discernable. (D) The
negative derivative of overlaid data further visualizes the differences between clusters. (E) The preferred data display for high-resolution amplicon melting
analysis is shown here as a difference plot in which all clusters are easily discerned.
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identify on these magnified graphs (Wittwer et al., 2003).
They are created by plotting the difference between a
reference curve and all other melting curves. The reference
curve is usually the average of all wild-type curves so that
this group clusters around the horizontal axis. Different
genotypes trace different paths for easy visual discrimina-
tion. Automatic clustering of genotypes can be performed,
for example, by unbiased hierarchal clustering or trained
learning (Zhou et al., 2005; Reja et al., 2010).

6.2 GENOTYPING OF KNOWN
VARIANTS BY HIGH-RESOLUTION
MELTING

High-resolution melting is a simple yet powerful, closed-
tube, homogeneous technique for genotyping. Common
methods include small amplicon melting, unlabeled probe,
and snapback primer genotyping.

6.2.1 Genotyping by Melting Small
Polymerase Chain Reaction Products

Small amplicon melting was the first genotyping method
introduced with dsDNA saturation dyes (Wittwer et al.,
2003). Although long PCR products (>500 bp) can be
genotyped by high-resolution amplicon melting, melting
curve differences between genotypes are easier to distin-
guish in small amplicons (Liew et al., 2004). Very rapid or
“extreme” PCR is possible with small amplicons by
reducing the denaturation temperature and eliminating all

temperature holds (Farrar and Witter, 2014). No probes are
required because the dye labels the entire PCR product.
Genotyping of a single nucleotide variant is illustrated in
Fig. 6.4, which shows normalized and background sub-
tracted melting curves. No curve overlay is performed so
that homozygotes are readily identified by a shift in Tm and
heterozygotes are easily identified by a change in curve
shape.

Biallelic single-base variants in diploid DNA (C/T,
G/A, C/A, G/T, C/G, and T/A) can be grouped into four
classes based on the homoduplexes and heteroduplexes
formed after PCR (Table 6.1) (Liew et al., 2004). In all
cases, heterozygotes are easy to identify by curve shape.
Homozygotes in either Class 1 or Class 2 are easy to
distinguish by Tm because one homozygote contains an
A:T and the other a G:C pair. In short amplicons, the dif-
ferences in Tm are between 0.8 and 1.4�C for these two
classes that make up more than 84% of human single-base
variants. Homozygotes in either Class 3 or Class 4 are more
difficult to distinguish because the bp (G:C or A:T) stays
the same with the bases merely switching strands. Differ-
ences in Tm do occur, however, because of nearest-
neighbor interactions with adjacent bases, but the differ-
ences are generally <0.4�C. Class 3 and 4 variants make up
approximately 16% of human single-base variants. Within
Classes 3 and 4, nearest-neighbor symmetry occurs in one
case out of four (Liew et al., 2004; Palais et al., 2005),
predicting identical homozygous melting temperatures in
4% of human single-base variants. Homozygous small in-
sertions/deletions may also be difficult or impossible to

FIGURE 6.4 Genotyping by small amplicon melting. Typical normalized melting curves representing all genotypes of a Class 1, A > G variant are
shown. The homozygotes are differentiated by absolute temperature and the heterozygote is discerned by the change in curve shape. Note that no curve
overlay is performed for small amplicon genotyping.
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distinguish by small amplicon melting alone: for example,
p.F508del in cystic fibrosis (Montgomery et al., 2007).
Similarly, in haploid organisms (most microbes) and for
hemizygous genes, heterozygotes do not occur and
different sequences (strains and genotypes) may have
similar or identical Tms. As Tm differences become
smaller, instrument precision and solution consistency
become more critical for sequence resolution.

There are several ways to discriminate genotypes better
with similar Tms. Different alleles can be linked by allele-
specific amplification to primer tails that modify amplicon
Tm. The tails can be GC- or AT-rich or may incorporate
locked nucleic acids (Germer and Higuchi, 1999; Seipp
et al., 2008). Internal temperature standards, which increase
absolute temperature precision, are particularly useful on
plate-based systems (Seipp et al., 2007). For example, most
nearest-neighbor symmetric single-base variants (predicted
to have identical Tms) can be distinguished by including
internal temperature standards that control for both instru-
ment and solution variance (Gundry et al., 2008). However,
few instruments incorporate the necessary analysis software
required to correct sample temperature changes with in-
ternal temperature standards. Finally, unknown samples
may be mixed with a known genotype. Typically, the
known genotype is wild type. If the unknown is wild type,
the melting curve of the mixture will be the same. If the
unknown is a homozygous variant, the mixture will be
heterozygous and heteroduplexes will alter the curve shape.
Mixing can be performed either before or after PCR. If
mixing is done after PCR, only the homozygous samples
need to be mixed, but the benefits of a closed-tube system
are lost. If mixing is done before PCR, quantitative het-
eroduplex analysis can be performed with optimal mixing
ratios to distinguish all three genotypes easily (Palais et al.,
2005).

6.2.2 Unlabeled Probe Genotyping

Many sequence variants can be distinguished by amplicon
melting alone. However, when greater detail is needed or
definitive genotyping is required, unlabeled probes can be
used (Zhou et al., 2004a). The same saturating dyes used

for amplicon melting can be used for unlabeled probe
genotyping. Although high-resolution melting is not
required for unlabeled probe genotyping, more genotypes
can be distinguished on high-resolution instruments.
Asymmetric PCR is performed for 40e50 cycles to pro-
duce excess strand complementary to the probe. A 1:5 to
1:10 primer ratio usually produces enough double-
stranded product for amplicon melting as well as
enough single-stranded product for probe melting (Dujols
et al., 2006). The 30-end of the unlabeled probe is blocked
to prevent extension during amplification. This is typi-
cally accomplished by 30-phosphorylation. However,
incomplete 30-phosphorylation may result in probe
extension and aberrant melting profiles (Dames et al.,
2007). Probe blocking can be improved with amino-
modified C6, inverted dT, or a C3 spacer.

Unlabeled probes between 20 and 35 bps with Tms of
55e70�C are generally recommended (Zhou et al., 2004a).
If the polymerase lacks 50 to 30 exonuclease activity, the
probe should melt from all alleles before the PCR extension
temperature to prevent possible allele bias and/or PCR in-
hibition. Higher probe Tms can be used with exonuclease
positive polymerases, although it is convenient to keep their
Tms below those of primer dimers or other alternative
amplification products. Estimated probe Tms are typically
1e4�C lower than observed Tms owing to dye stabilization
of the DNA hybrid (Zhou et al., 2005).

After exponential background subtraction (Erali et al.,
2008b), unlabeled probe melting data are usually shown on
derivative plots to visualize the melting transitions easily.
Typical single-base genotyping with an unlabeled probe is
shown in Fig. 6.5. Two melting regions are apparent. At
lower temperatures, probe melting occurs for specific
genotyping. At higher temperatures, amplicon melting oc-
curs. With high-resolution analysis, amplicon melting can
be used to scan for variants anywhere between the primers.
Genotyping and scanning can even be performed simulta-
neously from the same melting curve (Zhou et al., 2005).

Probes can be designed to match either the wild-type or
variant sequence. For example, common variants revealed
by scanning can be definitively identified by matching the
probe to the variant (Vandersteen et al., 2007). Probes can

TABLE 6.1 Classification of Single-Base Change Variants According to Duplexes (Homoduplexes and

Heteroduplexes) Produced After Amplification of a Heterozygote (Liew et al., 2004)

Class Base Change Frequency (Human) Homoduplexes Heteroduplexes

1 C4T or G4A 0.662 C:G and A:T C::A and T::G

2 C4A or G4T 0.176 C:G and A:T C::T and A::G

3 C4G 0.088 C:G C::C and G::G

4 A4T 0.074 A:T A::A and T::T
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also be designed to mask benign sequence variations near
targeted disease-causing variants by incorporating de-
letions, unmatched nucleotides, or universal bases (Margraf
et al., 2006a). Multiple alleles can be genotyped using
unlabeled probes. For example, five variants within exon 10
of the CFTR gene were genotyped with two unlabeled
probes in the same reaction (Zhou et al., 2005). One of the
unlabeled probes genotyped two single-base variants and
two deletions.

6.2.3 Snapback Primer Genotyping

Snapback primers are unlabeled probes attached to the 50-
end of a primer. After PCR, the result is a self-probing
amplicon in which one PCR strand forms a hairpin (Zhou
et al., 2008). Typically, tails are added to the primer that is
closer to the variant of interest, so that a smaller hairpin
loop is formed. This minimizes additional secondary
structures that can confound genotyping. Tail length can be
adjusted until a desired hairpin Tm is achieved, which is
easily determined by melting. Unlike Scorpion� primers,
no covalent modifications are necessary. Asymmetric PCR
is usually performed to create intramolecular snapback
hairpins as well as intermolecular duplexes of full-length
amplicons. Melting of both the amplicon and snapback

duplexes allows for investigation of sequence variations
within the amplicon as well as variants within the snapback
hairpin stem. Similar to unlabeled probe analysis, the
melting transitions of both the snapback and full-length
amplicon duplexes are usually displayed on derivative
plots (Fig. 6.6).

Advantages of snapback primers over unlabeled probes
include: (1) only two oligonucleotides are needed instead of
three, (2) no 30-blocking is necessary, and (3) short probe
lengths (similar to locked nucleic acids or minor groove
binders) can be used because of intramolecular stabiliza-
tion. This is particularly helpful when an area of interest
also contains sequence variants of no clinical significance.
The hairpin melting temperature is linearly related to the
stem length (6e28 bp) and inversely related to the log of
the loop size (17e150 bases) (Zhou et al., 2008). A 2-bp
mismatch at the 50-end of the snapback primer is usually
included to limit 30-extension of the minor snapback
product.

6.2.4 Applications of Amplicon
Genotyping in Molecular Diagnostics

The simplicity of genotyping by high-resolution melting
makes it a favorite for single-locus analysis of sequence

FIGURE 6.5 Genotyping with unlabeled probes. A 30-blocked unlabeled probe covers the variable region, in this case an A > T variant. After
asymmetric PCR, two melting regions are apparent. At low temperature, the probe melts from a single-stranded amplicon, definitively determining
genotype. At high temperature the double-stranded amplicon melts, easily identifying the heterozygote but not separating the homozygotes. The small
peaks around 76e78�C are extension products of the probes, sometimes seen with incomplete blockage of the probe’s 30-end. The data are displayed as a
derivative plot after exponential background removal and normalization.
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variation. Genotyping by high-resolution amplicon
melting was first reported for common disease variants of
HBB, F2, F5, MTHFR, HFE, and CFTR (Gundry et al.,
2003; Wittwer et al., 2003; Liew et al., 2004) and now is a
commonly used genotyping method used in hundreds of
published articles. Amplicon genotyping can be multi-
plexed if different targets are separated in Tm. Examples
include triplex assays for PAH (Dobrowolski et al., 2007a)
and OTC polymorphisms (Dobrowolski et al., 2007b) and
a quadraplex reaction for coagulation variants (F2, F5,
and two MTHFR loci) that also included two temperature
controls for fine calibration (Seipp et al., 2008). Clinical
applications of high-resolution amplicon melting in
microbiology include mycobacteria speciation using
hsp65 (Odell et al., 2005), bacterial speciation using the
16s rRNA gene (Cheng et al., 2006; Yang et al., 2009),
host susceptibility typing for hepatitis C virus (Enache
et al., 2015), hepatitis C subtype switching resulting from
therapeutic escape (Holysz et al., 2015), Mycoplasma
synoviae (Jeffery et al., 2007) and varicella zoster (Toi
and Dwyer, 2008) strain typing, subtyping influenza A
(Lin et al., 2008), and many others. For methicillin-
resistant Staphylococcus aureus, small amplicon melting
may replace sequence typing for epidemiologic
tracking (Mongelli et al., 2015; Mayerhofer et al., 2015;
Mazi et al., 2015).

Unlabeled probes have been used to genotype F5 and
CFTR (Zhou et al., 2004a, 2005), LCT (Janukonyte et al.,
2010), and multiple MBL2 genotypes (Vossen et al., 2010).
Mutations were identified in the RET protooncogene with
unlabeled probes that masked common polymorphisms
(Margraf et al., 2007). Unlabeled probes have also been
used to detect and differentiate herpes simplex virus
(HSV)-1 and HSV-2 (Cho et al., 2008), drug resistance
mutations in cytomegalovirus (Chen et al., 2015), human
papillomavirus genotypes (Lee et al., 2012), and many
other variants in human, plant, bacterial, and viral
organisms.

Snapback primers have been used to genotype F5
c.1601 G > A, TA repeats in Gilbert syndrome (Farrar
et al., 2011), and several CFTR variants (Zhou et al., 2013).
Snapback primers have also been used for the early
detection and genotyping of zoonotic viruses of the Cap-
ripoxvirus genus (Gelaye et al., 2013).

6.3 VARIANT SCANNING BY HIGH-
RESOLUTION MELTING

Variant scanning by high-resolution melting depends on
detecting heteroduplexes after amplification. After PCR of
a heterozygous sequence, four unique duplexes are formed:
two homoduplexes (in which both strands are completely

FIGURE 6.6 Genotyping with snapback primers. A snapback primer includes a 50-tail complementary to its extension product. After asymmetric
polymerase chain reaction, regions of single-stranded hairpin (probe) melting and amplicon melting are revealed, similar to unlabeled probe genotyping
(Fig. 6.5). High-resolution melting of all genotypes of a C > T variant are shown. The data are displayed as a derivative plot after exponential background
removal and normalization.
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complementary) and two heteroduplexes (with at least one
mismatch between strands). The two homoduplexes are
identical to the starting DNA and have Tms that are usually
close to each other. The remaining two duplexes are het-
eroduplexes with mismatched bases and lower Tms. The
observed melting curve is a composite of the melting pro-
files of these four duplexes. Other scanning techniques also
depend on detection of heteroduplexes, but high-resolution
melting is unique because no physical separation of het-
eroduplexes is necessary.

Variant scanning by high-resolution melting uses a
saturating DNA dye to detect heteroduplexes. The dye is
usually included in the PCR buffer so that product accu-
mulation can be optionally monitored each cycle in real
time. After PCR, the composite melting curve of two
homoduplexes and two heteroduplexes is measured by
high-resolution melting. Heteroduplexes are detected by a
change in melting curve shape after normalization
(Fig. 6.3B) and curve overlay (Fig. 6.3C). Although these
differences are present on derivative plots (Fig. 6.3D), they
are easier to identify on difference plots (Fig. 6.3E). Het-
eroduplex detection by high-resolution melting is favored
by rapid cooling before melting, rapid heating during
melting, and low Mg2þ concentrations (Gundry et al.,
2003). Depending on the instrument and protocol used,
high-resolution melting can be performed in under 1 min or
may take longer than 90 min (Herrmann et al., 2007b;
Sundberg et al., 2014).

The sensitivity and specificity of high-resolution melting
to detect heterozygous single-base changes was compre-
hensively evaluated using engineered plasmids (Reed and
Wittwer, 2004). The effects of PCRproduct size, type of base
change, and GC content, and the position of the base change
in relation to the PCR product were considered. The PCR
products ranged in size from 50 to 1000 bp with GC contents
of 40e60%. Sensitivity and specificity for products<400 bp
were 100% (n ¼ 576). For products between 400 and
1000 bp the sensitivity was 96.1% and the specificity was
99.4% (n ¼ 672). The location or identity of the single-base
change did not affect sensitivity.

Statistics for published studies that targeted variant
scanning of inherited disease were last summarized in 2010
(Montgomery et al., 2010). Up to that time, 29 studies re-
ported data adequate to calculate high-resolution melting
scanning sensitivity. Most (23 of 29) reported 100% het-
erozygote sensitivity. The weighted average sensitivity was
99.3% (n ¼ 839) and the specificity was 98.8% (n ¼ 2659).
The PCR product size varied from 79 to 658 bp.

High-resolution melting is unusual among scanning
techniques in that most homozygous variants can be identi-
fied. The weighted average sensitivity for detecting homo-
zygous variants in nine studies was 91.6%, although 79% of
these cases came from one study (Dobrowolski et al., 2009).
To detect all homozygous and hemizygous variants, mixing

with a known genotype is necessary either before or after
PCR (Liew et al., 2004; Palais et al., 2005). DNA is usually
extracted from whole blood for genetic scanning studies,
although dried blood spots (Dobrowolski et al., 2007a)
whole-genome amplification (Cho et al., 2008), and whole-
genome amplification of dried blood spots (Margraf et al.,
2006b; Winkel et al., 2011) all have been reported.

The sensitivity and specificity of scanning are usually
decreased when tumor tissue is analyzed because of normal
cell admixture and/or sample fixation/staining before DNA
extraction. Summary statistics before 2010 (Montgomery
et al., 2010) analyzed 26 studies of high-resolution melting
used to scan for variants in tumors, typically from formalin-
fixed, paraffin-embedded tissue. Most (21 of 26) reported
100% heterozygote sensitivity. The overall heterozygote
sensitivity was 96.4%, comprising 642 positive results.
Amplicon size varied from 51 to 653 bp. The minimum
allele fraction was 0.1e20% and varied with the PCR
product size and the target.

Common heterozygous variants of no clinical signifi-
cance (polymorphisms) are a problem for any scanning
method. Sometimes benign intronic variants can be avoided
by placing the primers closer to introneexon boundaries,
being careful to bracket frequent splice site positions (Erali
and Wittwer, 2010). If common variants cannot be avoided
by primer placement, deoxyinosine can be incorporated
into the primer at benign variant positions to minimize
allele-specific amplification (Hondow et al., 2011). If the
benign variants are within the exon or nearby intronic
splice regions, common variant clusters identified by
screening a normal population are seldom of concern
because the melting curves of about 90% of heterozygous
variants are different from each other (Wittwer, 2009).
However, to be certain the variant is common and not a rare
variant that could be pathogenic, genotyping by small
amplicon melting (Dobrowolski et al., 2007a,b), unlabeled
probes (Vandersteen et al., 2007), or snapback primers
(Zhou et al., 2008) can almost always avoid the need for
sequencing. For example, snapback primers can be used
elegantly to both scan and genotype (Zhou et al., 2013).
After symmetric PCR and melting to obtain a variant scan
of the entire PCR product, the reaction is diluted with water
to promote intracellular snapback formation. A second
melting curve then confirms the genotype of common
variants, leaving only very rare variants for sequencing.
These methods have been applied to CFTR, reducing the
need for sequencing PCR products to <1 in 200.

6.3.1 Applications of Variant Scanning in
Molecular Diagnostics

Among nonsequencing scanning methods, high-resolution
melting is clearly favored over legacy methods that
require separations (denaturing high-performance liquid
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chromatography, single-strand conformation poly-
morphism, denaturing gradient gel electrophoresis, etc.)
across most metrics, including cost, time, simplicity, and
sensitivity/specificity. Many variants missed by prior
methods can be revealed by high-resolution melting (Out
et al., 2015). Comparison against Sanger sequencing is less
clear for single genes, but arguments have been made in
favor of melting (Zhou et al., 2013). Massively parallel
sequencing has obvious advantages over melting if many
genes need analysis, because the sheer volume of individ-
ual targeted reactions becomes unmanageable. Hundreds of
publications have used high-resolution melting to scan
genes for variants. Examples include BRCA1/2 (Hondow
et al., 2011) and nondeletion variants in alpha-thalassemia
(HBA1/2) (Petropoulou et al., 2015) and Duchennee
Becker muscular dystrophy (DMD) (Esterhuizen et al.,
2014). Many disease genes such as BRCA1/2, CFTR, F8,
c-kit, EGFR, and TP53 have been studied by multiple
groups (Montgomery et al., 2010).

In addition to heterozygote scanning of diploid organ-
isms, haploid microbes can be studied by mixing with a
known sample. For example, mixing has been used for
bacterial speciation using the 16S ribosomal gene (Cheng
et al., 2006; Yang et al., 2009) and antibiotic resistance of
mycobacteria using rpoB (Hoek et al., 2008), and influenza
A can be subtyped using the M gene (Lin et al., 2008).
Another interesting use of mixing is to locate RNA editing
sites by mixing cDNA with DNA, as demonstrated in
Arabidopsis (Chateigner-Boutin and Small, 2007).

6.4 SPECIFIC EXAMPLES OF HIGH-
RESOLUTION MELTING IN CLINICAL
DIAGNOSTICS

6.4.1 Factor V Leiden Genotyping

Factor V Leiden is a Class 1 single-nucleotide variant
(c.1601 G > A) that increases the risk of deep venous
thrombosis and pulmonary embolism. Genotyping by
melting was first performed with labeled hybridization
probes. However, high-resolution melting eliminates the
need for labeled probes and enables genotyping with small
amplicons, unlabeled probes, or snapback primers. Small
amplicon melting is the simplest method and can be per-
formed on most instruments because the homozygous ge-
notypes are well separated by temperature (about 1�C) and
the heterozygous shape difference is large when saturation
dyes are used (Liew et al., 2004). Rare, unexpected nearby
heterozygotes (one single-base change, one single-base
deletion, and one compound heterozygote) could also be
distinguished from the wild-type sequence and Factor V
Leiden (Graham et al., 2005). Simultaneous amplicon and
unlabeled probe analysis of Factor V Leiden was later
shown in 384-well format (Zhou et al., 2005). Both probe

and amplicon melting provided independent assessments of
genotype for increased confidence. Factor V Leiden geno-
typing has also been demonstrated with snapback primers
(Zhou et al., 2008).

Small amplicon genotyping of Factor V Leiden, as well
as other thrombophilia-associated variants, has been ach-
ieved by rapid serial PCR and high-speed melting (0.5�C/s)
on a microfluidic platform (Sundberg et al., 2014). The
instrument also performs automated liquid handling for
PCR setup and execution. Typical run times for PCR and
melting of 50-nL reactions are 12.5 min. Two study sites
each performed a blinded study on 100 clinical samples
enriched for F2 c.*97G > A, F5 c.1601 G > A and
MTHFR c.665 C > T and c.1286 A > C variants. Multiple,
serial testing and automated liquid handling allowed
sequential PCR and melting for each clinical sample. In-
ternal temperature controls (Seipp et al., 2007) were used to
improve Tm precision and genotyping accuracy. Results at
both sites were concordant with an instrument accuracy of
100%. One unique feature of the testing platform is the
ability to perform automatic reflex or repeat testing
depending on prior test results. The automated liquid
handling also reduces time and the potential for human
error during manual PCR setup. The instrument has also
been used for CFTR mutation scanning and targeted gen-
otyping with unlabeled probes (Cao et al., 2015).

6.4.2 Gilbert Syndrome Genotyping

Gilbert syndrome is a chronic, nonhemolytic, unconjugated
hyperbilirubinemia associated with increased thymine-
adenine (TA) repeats within the promoter of UGT1A1.
Although usually of limited clinical significance (Bosma
et al., 1995), Gilbert syndrome is associated with an
increased risk for drug toxicity during cancer chemotherapy
with irinotecan (Innocenti et al., 2004). This association
resulted in safety relabeling and a recommendation for
genotype-guided dosing (Hoskins et al., 2007; Minucci
et al., 2010). Small amplicon genotyping of the (TA)n
promoter polymorphism of UGT1A1 can resolve all geno-
types from (TA)5, (TA)6, and (TA)7 alleles (Thomas et al.,
2013). However, when (TA)8 alleles were included, com-
plete genotype resolution required a snapback primer
(Farrar et al., 2011). (TA)5 and (TA)8 alleles are common in
black African populations. Snapback primer genotyping of
the UGT1A1 (TA)n promoter polymorphism is shown in
Fig. 6.7. A fluorescence background removal method was
used to plot the local deviation from exponential decay,
which improved hairpin melting display and genotype
clustering (Fig. 6.8). In a blinded study of 100 African
American DNA samples, snapback primer genotyping us-
ing a capillary-based melting instrument correctly identified
all genotypes. Instrument temperature precision was critical
for accurate genotyping, with accuracy falling to 81% when
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the assay was performed on a plate-based melting instru-
ment. The limits of small amplicon genotyping for the
(TA)n promoter polymorphism were also confirmed, with
an overall error rate of 16%. When greater sequence reso-
lution is needed, snapback primer genotyping can improve
genotyping of dinucleotide repeats. High-resolution
melting was also used to scan for single-nucleotide
changes in the promoter and 11 exons of UGT1A1 in a
Taiwanese population (Tsai et al., 2014).

6.4.3 Cystic Fibrosis Variant Scanning

Cystic fibrosis is an autosomal recessive disorder caused by
mutations inCFTR affecting the exocrine glands of the lungs,
pancreas, intestines, and liver (Riordan et al., 1989). Over
2000 variants of the CFTR gene have been described, each
with varying frequencies and distribution across populations.

Complete analysis of all 27 exons of CFTR was first
demonstrated by high-resolution melting in 2007 (Mont-
gomery et al., 2007). Initially, common variants were
identified in 96 Caucasian blood donors and correlated with

their melting patterns. Then, 30 blinded samples enriched
for disease variants were used to assess the sensitivity of the
technique. Scanning detected all 40 disease-associated
heterozygotes for a sensitivity of 100%. However, 47
benign heterozygotes were also detected. By considering
the melting patterns of the six most common heterozygotes,

(A)

(B)

FIGURE 6.7 Snapback primer genotyping of the UGT1A1 (TA)n pro-
moter polymorphism. (A) Subtle differences in 8 common genotypes,
although small, allow accurate genotyping of the (TA)n promoter poly-
morphism. (B) Snapback primer deviation melting curves for multiple
samples in a typical run. Numbers indicate the (TA)n repeat genotype: 5/6
(2 samples), 5/7 (4 samples), 5/8 (2 samples), 6/6 (8 samples), 6/7
(10 samples), and 7/7 (4 samples).

(A)

(B)

(C)

FIGURE 6.8 Comparison between different analysis methods for snap-
back primer genotyping of the UGT1A1 (TA)n promoter polymorphism.
(A) Derivative melting curves before normalization and exponential
background removal. (B) Derivative melting curves after normalization
and exponential background removal. (C) Deviation melting curves. Ge-
notype clustering is improved and hairpin melting is better visualized with
deviation analysis.
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45 of these 47 were matched to benign variants and did not
require sequencing or genotyping. Most (6 of 8) homozy-
gous variants were also distinguished from wild-type
without mixing or genotyping.

In an extension and expansion of this work, snapback
primers were used for sequential scanning and genotyping
of variants within the CFTR gene (Zhou et al., 2013). All
27 exons and neighboring splice sites were amplified and
specific snapback primer genotyping was performed on all
23 variants recommended by the American College of
Medical Genetics, as well as seven common variants.
Symmetric PCR was used and the products were initially
melted to scan for variants, and subsequently diluted with
water to encourage intramolecular hairpin formation for
genotyping by melting, as outlined in Fig. 6.9.

When known mutations occurred close together, one
snapback primer was used to genotype both mutations, as
demonstrated for p.G551D and p.R553X. Variants that
were contained in the same amplicon but were separated by
a large intervening sequence could be genotyped using a
dual snapback approach with both forward and reverse
primers having snapback tails. This was used on exon 11 in
which the common c.1408 A > G variant was genotyped
with one snapback primer and p.F508del and p.I507del
with another snapback primer. A single snapback primer
can also be used to cover separated variants by introducing
a bulge in the PCR product under the snapback tail. Vari-
ants p.W1282X and c.2870 A > G, which are separated by
23 bp, were genotyped with one snapback primer by
inducing a 10-bp bulge in the PCR product. This was
accomplished by removing a 10-bp sequence between the
two variants in the complementary snapback tail. Improved
Tm predictions for bulge-inducing snapback tails, as well
as software tools to automate the snapback design, should
promote greater use of this genotyping approach.

6.4.4 Mitochondrial Genome Variant
Scanning

Mitochondria are unique organelles that have a circular
genome of approximately 16.5 kb that encodes genes for
independent protein synthesis, as well as the cellular ma-
chinery for generating adenosine triphosphate through
oxidative phosphorylation (Dimauro and Davidzon, 2005).
Unlike nuclear DNA, which has two copies per cell,
mitochondrial DNA can exist as hundreds to thousands of
copies per cell. Comprehensive mitochondrial genome
profiling and targeted genotyping of known pathogenic
mutations has been performed by high-resolution melting
(Dobrowolski et al., 2009). This impressive task used 36
overlapping amplicons and could be completed in 1 h.
Heteroplasmic variants were detected at or below 10%
allele fraction and 96.5% of homoplasmic variants (no

heteroduplex formed) were detected during scanning. Tar-
geted small amplicon genotyping detected causative mu-
tations for myopathy, encephalopathy, lactic acidosis, and
stroke-like episodes (m.3243 A > G), myoclonus, epi-
lepsy, and ragged red fibers (m.8344 A > G), and amino-
glycoside antibiotic-induced hearing loss (m.1555 A > G).
Comprehensive mutation scanning of mitochondrial DNA
further demonstrates the utility of high-resolution melting
for novel variant discovery and genotyping.

6.5 OTHER APPLICATIONS OF HIGH-
RESOLUTION MELTING IN MOLECULAR
DIAGNOSTICS

In addition to genotyping of known variants and scanning
for unknown variants, methylation analysis, rare allele
detection, copy number analysis, and sequence matching
are important applications of high-resolution melting.

6.5.1 Methylation Analysis

The methylation of cytosine in DNA is important in the
regulation of gene activity and expression (Breiling and
Lyko, 2015). Methylation of cytosine (C) to
5-methylcytosine (m5C) typically occurs within 50eCe
phosphateeGe30 islands near the promoters of protein-
encoding genes. Methylation information is lost during
PCR, so either methylation-specific restriction endonucle-
ases or bisulfite treatment is used before amplification.
Bisulfite treatment converts Cs to uracil, whereas m5Cs are
not affected, allowing methylation-specific PCR that is
sensitive to methylation under primer binding sites and/or
methylation-specific high-resolution melting that reveals
the methylation dosage of PCR products between the
primers (Wojdacz and Dobrovic, 2007).

Bisulfite treatment and PCR convert unmethylated C:G
pairs to A:T pairs of lower stability so that the PCR product
Tm is directly related to the degree of methylation. In
contrast to methods that perform best with heteroduplex
detection, saturation dyes are not required or desired;
methylation analysis by melting was introduced with
SYBR� Green I (Worm et al., 2001). High-resolution
melting appears to increase the sensitivity and precision
of analysis (Wojdacz and Dobrovic, 2007; Dahl and
Guldberg, 2007). Variations include melting analysis after
real-time methylation-specific PCR (Kristensen et al.,
2008) and digital methylation-sensitive high-resolution
melting (Snell et al., 2008).

Methylation analysis by high-resolution melting can
diagnose imprinting disorders, including Angelman and
PradereWilli syndromes (White et al., 2007) and Beckwith
Wiedemann and Russell Silver syndromes (Alders et al.,
2009). Studies on promoter methylation include BRCA1
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FIGURE 6.9 Snapback primer scanning and genotyping using symmetric polymerase chain reaction (PCR) and product dilution. (A) 50-tailing (diagonal
cross-hatch) of a PCR primer produces a snapback primer that is complementary to its extension product and probes a region of interest. Snapback primers
include an added 2-base pair sequence (solid black) that is not complementary to the area of interest and prevents hairpin extension. (B) Symmetric
amplification generates a PCR product that includes the complementary tail sequence. Duplex, intermolecular PCR hybridization is favored at the end of
PCR owing to high complementary strand concentrations and solution ionic strength. (C) Small amplicon melting of CFTR exon 27 after symmetric PCR
using a snapback primer targeted to the common c.4389 G > A variant. After exponential background subtraction, normalization, and curve overlay, most
products cluster together (black), whereas some products are easily identified by a difference in curve shape (gray). (D) The same data displayed as a
difference plot. (E) After a fivefold dilution with water and product denaturation, the reduced ionic strength and lower strand concentrations favor partial
formation of intramolecular hairpins. (F) Repeat melting analysis reveals both intermolecular (amplicon) and intramolecular (hairpin) structures. Hairpin
stability is greater for matched hairpins than for mismatched hairpins, allowing complete genotyping of the sequence around the common c.4389 G > A
variant.
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(Huang et al., 2015), HIN-1, MGMT, RASSF1A
(Spitzwieser et al., 2015), and many others. MGMT and
BNIP3 methylation down to 0.1e1% could be detected in
colorectal cancer samples (Wojdacz and Dobrovic, 2007).

6.5.2 Rare Allele Detection

Snapback primers can be used for minor allele enrichment
and detection (Zhou et al., 2010). Direct sequencing is
generally limited to the detection of allele fractions of
10e20% (van den Oever et al., 2015). However, the relative
proportion of mutant to wild-type alleles in tumor samples is
often below this detection limit. Using snapback primers to
block amplification of wild-type alleles, detection limits of
0.1% for BRAF p.V600 E and 0.02% for EGFR exon 19 in-
frame deletions were achieved. An advantage of this method
is that not only are rare alleles enriched, they are also gen-
otyped by snapback primer probe Tms. Minor allele
enrichment was found to increase with shorter extension
times, reduced Mg2þ concentrations, and higher probe Tms.
Snapback primer allele enrichment has been independently
extended to KRAS and EGFR (Sun et al., 2014) and JAK2
and MPL mutations (Wu et al., 2014a). High-resolution
melting can also be used with allele-specific PCR and/or
blocking probes for sensitive detection of rare variants
(Smith et al., 2011) or paternally inherited mutations in
maternal plasma (van den Oever et al., 2015).

When the rare allele sequence is not known or when
changes are spread out over long distances, high-
resolution melting can be combined with other tech-
niques. For example, rare allele detection can be achieved
by combining digital PCR with high-resolution melting.
Using a combined digital PCR and high-resolution
melting scanning approach, somatic mutations associated
with colorectal cancer (KRAS, BRAF, APC, and TP53)
were detected down to 0.1% in DNA obtained from stool
samples (Zou et al., 2009). Positive reactions with melting
curves different from wild-type were further characterized
by sequencing. This approach was also used to increase
the sensitivity of sequencing for detection of rare muta-
tions found in nonesmall cell lung cancer (Do and
Dobrovic, 2009). Co-amplification at lower denaturation-
temperature PCR has been combined with high-
resolution melting of small amplicons (Pang et al., 2013)
or unlabeled probes (Wu et al., 2014b) to improve sensi-
tive detection of rare variants. Competitive amplification
of differentially melting amplicons followed by high-
resolution melting is another combination to detect rare
variants (0.025e0.25%) of all types within a PCR product
(Kristensen et al., 2012).

6.5.3 Copy Number Analysis

Large-scale genomic projects such as HapMap and the
1000 Genomes Project have demonstrated that structural

variation in the human genome is widespread. Copy
number variation is increasingly associated with complex
genetic diseases such as cancer, heart disease, diabetes, and
mental health disorders (Ono et al., 2015; Cui et al., 2015).
These associations have been fueled by large data sets
generated by impressive discovery tools such as micro-
arrays (Carter, 2007) and massively parallel sequencing
(Zhao et al., 2013). However, once associations are
confirmed, targeted analysis of copy number variation is
desirable by methods that are simple and inexpensive.
High-resolution melting has been used to determine copy
number variation at the homologous genes SMN1 and
SMN2, where the copy number at each locus influences the
phenotype of spinal muscular atrophy (Dobrowolski et al.,
2012; Er et al., 2012; Morikawa et al., 2011). Competitive
PCR, in which similar sequences are amplified on different
chromosomes with one primer pair, can be combined with
high-resolution melting for relative quantification of com-
mon aneuploidies (Guo et al., 2012). When sequence var-
iants or common primers cannot be used to determine
relative copy number, PCR can be terminated during the
exponential phase and copy number determined by melting
relative to a reference product on a separate chromosome.
Copy number changes associated with the APC gene in
familial adenomatous polyposis and the X-linked DMD
gene in Duchenne muscular dystrophy have been deter-
mined this way (Borun et al., 2014).

A simpler alternative to limiting PCR by cycle number
is to limit the amount of deoxynucleotide triphosphates
(dNTPs) in the PCR (Zhou et al., 2015). By limiting
dNTPs, PCR no longer needs to be stopped during the
exponential phase because the dNTPs are consumed before
any primer-specific changes in PCR efficiency can occur.
That is, the efficiencies of both PCR products (target and
reference) are both affected equally as the dNTPs are
consumed. Using limiting dNTPs, copy number changes of
common trisomies (13, 18, and 21), large exonic deletions
(CFTR), gene amplifications (EGFR), sex chromosome
abnormalities, and spinal muscular atrophy (SMN1/2) were
demonstrated. For best accuracy, the reference melting
peaks are first normalized for both fluorescence and tem-
perature differences, after which relative copy number
changes can be visualized directly by comparison with
controls (Fig. 6.10). Initial studies suggest that the technical
variation of copy number analysis by limiting dNTPs (co-
efficient of variation of 1%) is better than that typically
obtained with a 20,000 event digital PCR (Zhou et al.,
2015; Dobrovic, 2015). Limiting dNTPs for relative copy
number assessment is a simple and precise way to confirm
copy number variation.

6.5.4 Sequence Matching

In some cases, specific genotyping is not as important as
knowing whether the same sequence is present. Interesting
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examples are HLA analysis for transplantation compatibility,
repeat typing for identity matching, and genetic mapping.

6.5.4.1 Human Leukocyte Antigen Matching

Conventional HLA testing requires specific typing of six
highly polymorphic loci, an onerous task. In contrast, high-
resolution melting can easily establish HLA sequence
identity and transplant compatibility, at least for living
related transplants. For example, high-resolution melting
was applied to the highly polymorphic HLA-A locus (Zhou
et al., 2004b). All seven cases of shared alleles between two
individuals were assessed and a 17-member family was
tested. Results from melting curve analysis were concor-
dant with sequencing. HLA identity was suggested when
two individuals had the same melting curve. Identity was
confirmed by comparing the melting curve of a 1:1 mixture
with the original individual curves. This technique can be
extended to other HLA loci for more complete HLA

matching. Analysis of unrelated donorerecipient pairs for
allogeneic hematopoietic stem-cell transplantation is a more
difficult but intriguing possibility.

6.5.4.2 Repeated Sequences

Repeat sequence polymorphisms are usually typed by size
separation on gels. Several studies have used high-
resolution melting analysis to differentiate these poly-
morphisms, such as 21-bp tandem repeats in the promoter
of XRCC5 (Rajaei et al., 2012) and short tandem repeats for
forensics (Nguyen et al., 2012; Nicklas et al., 2012).
Profiling of deletioneinsertion polymorphisms after allo-
geneic stem cell transplantation can detect the persistence
or reappearance of host cells (Gerini et al., 2014). Differ-
entiation of clustered short sequence repeats of Campylo-
bacter jejuni (Price et al., 2007), the complex repeat
structure of spa in S. aureus (Stephens et al., 2008), and
multilocus short repeats in Bacillus anthracis (Fortini et al.,

FIGURE 6.10 Quantification of: (A) SMN1 and (B) SMN2 by competitive amplification against a reference gene using restricted deoxynucleotide
triphosphates. The proportion of genotypes from 24 normal samples approximates the expected distribution: 2 SMN1/2 SMN2 (58% observed vs. 57%
expected), 2/1 (33% observed vs. 28% expected), 2/0 (4% observed vs. 3% expected), and 3/2 (4% observed vs. 3% expected). Single known samples
were used to demonstrate the SMN1 ¼ 0 and SMN1 ¼ 1 copy genotypes. SMN1 and SMN2 are on chromosome 5 whereas the reference gene is on
chromosome 7.
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2007) have been reported. High-resolution melting of
dinucleotide repeats can also identify varieties of grapes
and olives (Mackay et al., 2008).

6.5.4.3 Genetic Mapping and Editing

Single-base variants can be used in genetic mapping when
the sequence and position of the variant are known. In
addition, high-resolution melting can provide fine mapping
in the absence of specific genotyping (Lehmensiek et al.,
2008). High-resolution melting is frequently selected as the
method of choice in plant gene mapping to detect and ge-
notype single-nucleotide variants rapidly and cost-
effectively (Chagne, 2015). Paired with new genome edit-
ing methods (transcription activator-like effector nucleases
and clustered regularly interspaced short palindromic re-
peats), high-resolution melting is a simple and efficient way
to identify novel mutant alleles (Thomas et al., 2014;
Wang et al., 2015b).

6.6 MELTING CURVE PREDICTION AND
ASSAY DESIGN TOOLS

In an attempt to democratize high-resolution melting, a
number of interactive design and analysis tools are avail-
able free of charge and without registration at https://www.
dna.utah.edu. These tools include uMelt (Dwight et al.,
2011), uMeltHETs (Dwight et al., 2014), uDesign, and
uAnalyze (Dwight et al., 2012), among others. We hope to
promote an educated and resourceful community of expert
users and welcome feedback on these software tools.

uMelt was developed to provide an easy-to-use Web-
based tool that can predict DNA melting curves and facil-
itate the design of high-resolution melting assays (Dwight
et al., 2011). This tool is particularly useful for predicting
and confirming PCR product melting curves, especially
amplicons with multiple melting domains. Traditional
wisdom concerning product verification by melting led to
the common misconception that “pure” PCR products must

FIGURE 6.11 Polymerase chain reaction product melting curve prediction. Shown is an uMelt user interface displaying the predicted melting curve and
melting profile for a defined amplicon sequence. The user copies the desired sequence to bottom left and adjusts parameters at top right as necessary. The
sequence shown is 189 base pairs in length and has three melting domains (lower right), of which only two are seen on background subtracted, normalized
melting plots (upper left). DMSO, dimethyl sulfoxide.
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display only one melting transition. Although for 40- to
100-bp PCR products this is often true, 200- to 600-bp
products usually differ in GC content and stability across
the amplicon, resulting in multiple melting domains. With
uMelt, DNA melting can be visualized as a “dynamic
profile” that reveals sequence-specific melting domains as
the temperature is increased. During initial assay design it
is helpful to predict the temperature at which the product is
completely melted, so that the denaturation temperature can
be raised if necessary. Primers that generate high-Tm
products can be redesigned or Tm depressors (DMSO or
betaine) can be added to the PCR. If the PCR product melts
between 80�C and 90�C, the denaturation temperature can
be reduced to speed amplification and increase specificity.
The front panel of uMelt is shown in Fig. 6.11.

Small amplicon genotyping is particularly attractive
for most single-nucleotide variants. uDesign prompts
users to enter a National Center for Biotechnology In-
formation reference single nucleotide polymorphism
number (www.ncbi.nlm.nih.gov/snp) for the variant of
interest and a primer pair is automatically generated
based on the desired primer Tm. Predicted melting
curves for all three genotypes of the amplified product
are also displayed. For any particular variant, when small
amplicon genotyping is not sufficient to distinguish the
homozygotes or when greater separation of genotypes is
desired, an unlabeled probe or snapback primer can be
designed. uMelt probes predict the probe Tm and
resulting melting curves for genotyping. Finally, uAna-
lyze (Dwight et al., 2012) displays raw data from many
instruments, removes the fluorescent background, and
normalizes experimental data, with additional options of
curve overlay and difference plots to identify heterozy-
gotes. With user input of the product sequence, experi-
mental results can also be compared with the predicted
Tm for visual verification of the amplified product.

6.7 CONCLUSIONS

High-resolution melting can be used for genotyping,
variant scanning, sequence matching, methylation anal-
ysis, rare allele detection, and copy number analysis. The
amount of information that can be extracted from simple
melting of PCR products entirely depends on the resolu-
tion and precision of the melting curves, which in turn
depends on the available instrumentation and software.
Dyes that detect heteroduplexes increase the sensitivity of
scanning and the accuracy of genotyping applications but
are not necessary for many other applications, including
methylation analysis and repeat typing. Genotyping
with unlabeled probes or snapback primers can be per-
formed on standard instrumentation, but the resolution of
multiple genotypes is improved with better instrumenta-
tion and software.

To quote a 2009 review (Vossen et al., 2009), “. High
resolution melting analysis is a multipurpose technology
and standard tool that should be present in any laboratory
studying nucleic acids.” High-resolution melting methods
are fast, affordable, flexible, and simple. DNA melting will
be around as long as life as we know it exists. As long as
instruments and methods continue to improve, additional
applications will appear. For example, the FilmArray� is a
1-h sample-to-answer multiplex microbial detection plat-
form that uses high-resolution melting for detection (Poritz
et al., 2011). In the future, pairing high-resolution melting
with extreme PCR (Farrar and Witter, 2014) and tempera-
ture control by fluorescence (Sanford and Wittwer, 2014)
should result in decreased time and increased resolution for
further melting applications.
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7.1 INTRODUCTION

All cells of a multicellular organism carry the same genetic
code in their DNA sequence although cells display broad
morphologic and functional diversity. The heterogeneity of
cells is caused by the differential expression of genes.
Epigenetics can be defined as the study of mitotically (and
in some cases meiotically) heritable changes of a
phenotype, such as the gene expression of specific cell
types that do not result from changes in the genetic code
(Waddington, 1942). Epigenetic regulation mediates the
adaption to an environment ultimately contributing to the
phenotype.

Epigenetic phenomena are mediated by a variety of
molecular mechanisms including posttranscriptional
histone modifications, histone variants, adenosine triphos-
phate (ATP)-dependent chromatin remodeling complexes,
polycombetrithorax protein complexes, small and other
noncoding RNAs including small interfering RNAs and
microRNAs (miRNAs), and DNA methylation (Tost,
2008). These diverse molecular mechanisms all have been
found to be closely intertwined and stabilize each other to
ensure the faithful propagation of an epigenetic state over
time, especially through cell division. Because the
description of all methods used for the analysis of
the different kinds of epigenetic modifications is beyond
the scope of this chapter, the authors will concentrate on
DNA methylation as the best studied epigenetic alteration.
As such, DNA methylation has great potential as a diag-
nostic and predictive tool as well as a therapeutic target.
Nonetheless, the expression of long and small noncoding
RNAs has also been shown to be altered in many diseases
(Dey et al., 2014; Vicente et al., 2015). miRNA profiles
detect not only early-stage cancer but also the

determination of its tissue of origin when profiling circu-
lating miRNAs (Rosenfeld et al., 2008; Schwarzenbach
et al., 2014), and miRNA expression signatures have been
identified that are associated with prognosis and response to
therapy in different human cancers (Yu et al., 2008).

This chapter focuses on DNA methylation as a covalent
DNA modification, but it should be kept in mind that
transcription does not occur on unpacked DNA but rather in
the context of chromatin, which critically influences the
accessibility of the DNA to transcription factors and the
DNA polymerase complexes. Chromatin modulations have
a central role in shaping the epigenome and delineate a
functional chromatin topology, which serves as the plat-
form forming regulatory circuits in all cells. Open
(euchromatin) and closed (heterochromatin) chromatin
states are controlled by histone modifications, histone
composition, and the ATP-dependent chromatin remodel-
ing machinery in close cross-talk with the binding of a
plethora of nonhistone proteins (Fig. 7.1). Positioning of
nucleosomes, the degree of compaction (i.e., nucleosome
spacing), and remodeling of chromatin have key roles in
the coordination of the correct gene expression program.
Positioning of nucleosomes depends on (among others) the
underlying DNA sequence, ATP-dependent nucleosome
remodelers, DNA-binding proteins, the RNA polymerase II
transcription machinery, and their interactions (Struhl and
Segal, 2013). As a result, the core enhancer, promoter, and
terminator regions of genes are typically depleted of nu-
cleosomes, whereas most of the genomic DNA is occupied.
Consequently the analysis of chromatin accessibility and
nucleosome positioning is essential for the understanding
of transcriptional regulation and can be used for the anal-
ysis and identification of gene regulatory elements and their
changes in disease, but is beyond the scope of this chapter.
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DNA methylation is highly correlated with these chromatin
modifications and enzymes that modify DNA and histones
have been shown to interact directly and constitute links
between local DNA methylation and regional chromatin
structure (Geiman and Robertson, 2002).

Technology for the analysis of DNA methylation pat-
terns have largely evolved over the years since the publi-
cation of the previous edition, and many technologies have
been abandoned. For example, microarray-based technol-
ogies have mostly been replaced by sequencing-based ap-
proaches. Therefore, in this chapter we concentrate on
assays that are currently widely used for genome-wide
discovery as well as assays that can be employed in a
clinical laboratory for the analysis of DNA methylation
patterns as biomarkers.

7.1.1 The Biology of DNA Methylation

DNA methylation is the only genetically programmed
DNA modification in mammals. This postreplication
modification is found almost exclusively on the five posi-
tion of the pyrimidine ring of cytosines in the context of the
dinucleotide sequence CpG, with approximately 29 million
CpGs present in the human genome (Fig. 7.2) (Rollins
et al., 2006). 5-Methylcytosine accounts for approximately
1% of all bases, varying slightly in different tissue types;
most CpG dinucleotides throughout mammalian genomes
are methylated (75%). Other types of methylation, such as
the methylation of cytosines in the context of CpNpG or
CpA sequences, have been detected in mouse embryonic
stem cells and plants but are generally rare in somatic

mammalian or human tissues. Close to half of all CpGs are
found in repetitive elements. The variety of epigenetic
modifications in mammalian DNA has increased further
with the discovery of 5-hydroxymethylcytosine (hmC) in
mammalian neurons and embryonic stem cells, which is
formed from 5-methylcytosines by a catalytic oxidation
mediated by the TET proteins (Kriaucionis and Heintz,
2009; Tahiliani et al., 2009). This base modification has
been found in nearly all mouse embryonic tissues, but with
the exception of brain tissue and bone marrow, only low
levels of hmC (0.2e0.05% of all cytosines) are detectable
in adult tissue (Globisch et al., 2010; Ruzov et al., 2011).
Its potential implication in disease has yet to be defined, but
its high presence in embryonic, adult, or induced pluripo-
tent stem cells suggest a biological role of this epigenetic

FIGURE 7.1 Simplified representation of euchromatin and heterochromatin. In euchromatin, RNA polymerase II (RNA pol II) can access the promoter
CpG island (open stars), which corresponds to a nucleosome-free region and the region is permissive to transcription. Histones are hyperacetylated (circles
with Ac) including lysine 9 of histone H3 (H3K9), and lysine 4 of H3 (H3K4) is methylated (polygon with Me). In contrast, the DNA and nucleosome
structure is compacted in heterochromatin. H3K4 is demethylated; H3K9, H3K27, and H4K20 are methylated. DNA as well is hypermethylated and the
region is transcriptionally silent. For reasons of clarity, only selected histone modifications associated with the chromatin state are shown.

FIGURE 7.2 Chemical structure of cytosine and 5-methylcytosine.
Cytosine is incorporated into the DNA using deoxycytidinetriphosphate as
the building block and is methylated after its incorporation by DNA
methyltransferases.
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mark in pluripotency (Ruzov et al., 2011). 5-hmC has
probably also a biochemical role as an intermediate in the
process of DNA demethylation, where it undergoes
oxidation to 5-formylcytosine and 5-carboxylcytosine by
the TET oxygenases before being excised by a thymine-
DNA glycosylase (He et al., 2011; Maiti and Drohat,
2011). However, although these modifications are certainly
of great biological importance, their low prevalence (except
for brain tissue) and the early stage of research into their
distribution makes them currently less suitable for use
as biomarkers. We will therefore focus in the current
review on 5-methylcytosine methylation, referred to here as
DNA methylation.

CpGs are underrepresented in the genome, probably
because they are mutational hot spots, because the deami-
nation of methylated CpGs to TpGs does not create un-
natural bases and is recognized less efficiently by the DNA
repair machinery. Despite this general trend, CpG-rich
clusters approximately 1e4 kb in length (so-called CpG
islands) are found in the promoter regions and first exons of
many genes. CpGs in these islands representing about 7%
of all CpGs are mostly not methylated, which corresponds
to the maintenance of an open chromatin structure and a
potentially active state of transcription (Antequera, 2003).
There are around 30,000 CpG islands in the human
genome. About three-quarters of transcription start sites and
88% of active promoters are associated with CpG-rich se-
quences and might be regulated by DNA methylation
(Rollins et al., 2006). Methylated CpG islands are found on
the inactive X chromosome in females, associated with
genes with tissue-specific expression and in intragenic CpG
islands. Evidence emphasizes the importance of the un-
derlying DNA sequence for the establishment of DNA
methylation patterns (Schubeler, 2015). Conversely, CpG
islands facilitate alterations of the DNA conformation to
Z-DNA, which has reduced affinity for nucleosomes. Of
note, an unmethylated state of a CpG island does not
necessarily correlate with the transcriptional activity of the
gene, but rather with its potential for activation. On the
other hand, the simple presence of methylation does not
necessarily induce silencing of nearby genes. Only when a
specific core region of the promoter becomes hyper-
methylated is the expression of the associated gene modi-
fied (Ushijima, 2005). DNA methylation often changes
after modification of the chromatin structure and is used as
a molecular mechanism to lock the gene permanently and
thus heritably in its inactive state (Bird, 2002). Methylation
can interfere with transcription in several ways. It can
inhibit the binding of transcriptional activators with their
cognate DNA recognition sequence such as Sp1 and Myc
through sterical hindrance. Methyl-CpG-binding domain
(MBD) proteins and the DNA methyltransferases them-
selves bind to methylated DNA and thereby prevent bind-
ing of potentially activating transcription factors (Defossez

and Stancheva, 2011). These two protein families also re-
cruit additional proteins with repressive function such as
histone deacetylases and chromatin remodeling complexes
to the methylated DNA to establish a repressive chromatin
configuration creating a self-enforcing mechanism to
silence genes.

7.1.2 Dynamics of DNA Methylation

During development and differentiation, the mammalian or-
ganism creates a number of cell typeespecific differentially
marked epigenomes whose identity is defined, among other
things, by their respective DNA methylation patterns. Conse-
quently, one genome contains approximately 180 different
epigenomes that are currentlymapped in large-scale efforts such
as the Roadmap or the BLUEPRINT consortium (Adams et al.,
2012; Roadmap Epigenomics Consortium et al., 2015). Cyto-
sine methylation is essential for mammalian embryogenesis,
which is characterized by two waves of genome-wide epige-
netic reprogramming in the zygote and in the primordial germ
cells (Reik et al., 2001). Incomplete reprogramming of these
epigenetic patterns is one reason for the low success rate of
somatic cell nuclear transfer, that is, the fusion of a somatic cell
with an enucleated oocyte (Krishnakumar and Blelloch, 2013).
Modifications in the environment during early development can
lead to permanent changes in the patterns of epigenetic modi-
fications. This modulation of epigenetic patterns in utero has
resulted in the developmental origin of disease hypothesis,
which postulates that the in utero environment can cause per-
manent changes to metabolic processes that directly affect
postnatal phenotype, confers susceptibility to multifactorial
disease at adult age, and may also be transmitted to subsequent
generations (Hanson and Gluckman, 2014). Epigenetics also
holds the promise to explain at least a part of the influences of
the environment. Studies in monozygotic twins demonstrated
that epigenetic differences in genetically identical humans
(monozygotic twins) accumulate with age and different envi-
ronments create different patterns of epigenetic modifications
(Fraga et al., 2005). Monozygotic twins are nonetheless a
powerful model for identifying the disease-relevant epigenetic
changes for complex diseases because they avoid confounding
effects of population-based studies owing to their identical ge-
netic sequence and their shared early- and sometimes even late-
life environmental exposure (Castillo-Fernandez et al., 2014;
Tost et al., 2014). Chemical and environmental toxins have
shown to induce changes to DNAmethylation patterns without
altering the genetic sequence and leading to epimutation-
associated phenotypes (Green and Marsit, 2015). DNA
methylation has multiple essential roles in mammals. It is crit-
ical for imprinting, that is, the asymmetric expression of either
the maternal or paternal allele in a parent-of-originespecific
manner in somatic cells of the offspring (Reik andWalter, 2001;
Sanli and Feil, 2015) is implicated in X chromosome inacti-
vation, the random silencing of one of the two X chromosomes
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in embryonic tissues of female mammals to achieve dosage
compensation (Gendrel and Heard, 2014). It is required for the
maintenance of genome integrity (Eden et al., 2003;Meng et al.,
2015) and has a key role in transcriptional silencing of repetitive
DNA sequences and endogenous transposons (Yoder et al.,
1997; Crichton et al., 2014).

7.1.3 DNA Methylation and Disease

DNA methylation and chromatin structure are strikingly
altered in many pathologic situations, particularly cancer.
Although a number of genetic variations associated with
disease susceptibility have been identified by genome-wide
studies in cancer (Fachal and Dunning, 2015), neurode-
generative diseases (Chouraki and Seshadri, 2014), and
metabolic disorders (Mohlke and Boehnke, 2015), they
confer only small increases in risk and do not report on the
onset of disease. Many of the susceptibility loci also do not
associate with genes, but the strongest association is found
in noncoding regions of the genome. Characterizing the
epigenomic landscape in disease-relevant cell populations
at the susceptibility loci might help to decipher the potential
functional effect of these genetic variations (Tak and
Farnham, 2015). Novel genome and epigenome engineer-
ing technologies now determine whether genetic and
epigenetic changes are causal from observed phenotypic
changes and will substantially further our understanding of
the multifaceted roles of epigenetic modifications and their
combinations in chromatin, which is important to the
answer of many biomedical questions (Jurkowski et al.,
2015; Thakore et al., 2015; Tost, 2016).

Furthermore, environmental factors undoubtedly have a
large role in the actual occurrence of disease. The epi-
genome constitutes the memory of an organism to all of the
stimuli and influences to which it has ever been exposed
(Ladd-Acosta, 2015). Aberrant methylation patterns have
been reported in various neurodevelopmental disorders and
imprinting anomalies lead to disorders such as Pradere
Willi, Angelman, and Beckwith-Wiedemann syndromes
(Eggermann et al., 2015). DNA methylation patterns are
globally disturbed in autoimmune diseases such as the
lupus erythematosus (Absher et al., 2013), primary Sjögren
syndrome (Miceli-Richard et al., 2015), and rheumatoid
arthritis (Neidhart et al., 2000) and inflammatory diseases
(Karatzas et al., 2014; Chandra et al., 2015). Epigenetic
changes contribute to the susceptibility and development of
many complex or multifactorial diseases (Ronn and Ling,
2015; Yu et al., 2015; Voelter-Mahlknecht, 2016). Epige-
netic mechanisms are consistent with various non-
Mendelian features of multifactorial diseases such as the
relatively high degree of discordance in monozygotic twins.
To underline the scope of epigenetic alterations in disease
further, it is interesting that monogenetic diseases such as
a-thalassemia, which were previously attributed solely to

genetic alterations, can also be caused by epigenetic alter-
ations at the same locus (Tufarelli et al., 2003) and the
penetrance of genetic diseases can be modified by DNA
methylation alterations (Jones et al., 2015).

The high frequency of DNA methylation changes in
cancer and the potential diagnostic use of DNA methylation
for diagnostics and prognostics have fueled much of the
rapid catch-up of technologies for epigenetic analyses that
we have seen in past years. We will devote most of the rest
of the chapter to describing the applications of DNA
methylation techniques in oncology.

7.1.3.1 DNA Methylation Changes in Cancer

Cancer is probably the best-studied disease with a strong
epigenetic component (Jones and Baylin, 2007). In tumors
a global loss of DNA methylation (hypomethylation) of the
genome is observed (Feinberg and Vogelstein, 1983) and
has been suggested to initiate and propagate oncogenesis by
inducing chromosome instabilities and transcriptional
activation of oncogenes and pro-metastatic genes (Chen
et al., 1998; Ehrlich, 2002). The overall decrease in DNA
methylation is accompanied by a region- and gene-specific
increase in methylation (hypermethylation) of multiple
CpG islands (Fig. 7.3) (Laird, 2005; Jones and Baylin,
2007). Hypermethylation of CpG islands in the promoter
region of a tumor suppressor or otherwise cancer-related
genes is often associated with transcriptional silencing of
the associated gene. The number of gene-associated pro-
moters that are known to become hypermethylated during
carcinogenesis is rapidly growing. Genes of numerous
pathways involved in signal transduction (APC), DNA
repair (MGMT, MLH1, and BRCA1), detoxification
(GSTP1), cell-cycle regulation (p15, p16, and RB), differ-
entiation (MYOD1), angiogenesis (THBS1, VHL), and
apoptosis (Caspases, p14, and DAPK) are often inappro-
priately inactivated by DNA methylation. To date, no sin-
gle gene has been identified that is always methylated in a
certain type of cancer. Both hypomethylation and hyper-
methylation are found in the same tumor, but the under-
lying mechanisms for both phenomena have not yet been
elucidated. Furthermore, epigenetic modifications
contribute to long-range, gene-silencing, large chromoso-
mic regions (Frigola et al., 2006). Long-range epigenetic
silencing seems to be a prevalent phenomenon during
carcinogenesis, because a survey identified 28 regions of
copy numbereindependent transcriptional deregulation in
bladder cancer that are potentially regulated through
epigenetic mechanisms (Stransky et al., 2006). Although
the contribution of genetic factors to carcinogenesis such as
the high-penetrance germ-line mutations in genes such as
BRCA1 and p53 in familial cancers has long been recog-
nized, it has become evident that epigenetic changes lead-
ing to transcriptional silencing of tumor suppressor genes
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constitute an at least equally contributing mechanism. For
example, microarray expression profiles of breast tumors
with BRCA1 mutations are similar to those of cases of
sporadic breast cancer with BRCA1 promoter hyper-
methylation. This demonstrates that disruption of BRCA1
function by genetic or epigenetic pathways leads to the
same perturbations (Hedenfalk et al., 2001). It has been
extrapolated that aberrant promoter methylation is initiated
at approximately 1% of all CpG islands and as much as
10% become methylated during the multistep process of
tumorigenesis (Costello et al., 2000).

7.2 CLINICAL APPLICATIONS OF DNA
METHYLATION ANALYSIS

Biomarkers capable of distinguishing diseased or malignant
cells from normal ones must be specific, sensitive, and
detectable in specimens obtained through minimally inva-
sive procedures to be clinically applicable. Many bio-
markers have been discovered on the level of protein, RNA,
or DNA that fulfill these criteria. DNA-based molecular
biomarkers are relatively easily transferred from a research
laboratory setting into routine diagnostics owing to the
amplifiable and stable nature of DNA. Methyl groups on
cytosines are part of the covalent structure of the DNA.
Once methylation is acquired, in most cases it is chemically
and biologically stable over time whereas expression of
mRNA and/or proteins can be modified by nonedisease
related environmental conditions and vary over the cell
cycle. Most DNA methylation analysis methods determine
the ratio of methylated and unmethylated CpGs and are
independent of the total amount of starting material. It
provides a binary and positive signal that can be detected

independent of expression levels and is therefore easier to
detect than negative signals such as loss of heterozygosity.
DNA methylation can be analyzed by an increasing number
of methods that are amenable to high-throughput, and
quantitative assays eliminate the need for normalization.
Compared with genetic alterations such as mutations,
which are usually distributed throughout the gene, DNA
methylation alterations are concentrated in a defined area,
often the promoter, facilitating analysis. DNA methylation
can be reliably analyzed in fresh-frozen and archived
clinical specimens, but more important, also in biofluids
that were either in direct contact with the disease (e.g. stool
for colorectal cancer, urine for genitourinary cancer, or
sputum or bronchoalveolar lavages or brushes for lung
cancer) or in cell-free circulating DNA isolated from serum
or plasma of patients (How-Kit et al., 2012).

Epigenetic changes occur at higher frequency compared
with genetic changes and may be especially important in
early-stage human neoplasia (Feinberg et al., 2006). Al-
terations of DNA methylation patterns often precede ma-
lignancy because extensive CpG island hypermethylation
can be detected in benign polyps of the colon, in low- as
well as high-grade tumors (Goelz et al., 1985; Costello
et al., 2000). It has therefore been suggested that epigenetic
lesions in normal tissue set the stage for neoplasia and
might induce an addiction to altered signal transduction
pathways leading to additional genetic changes (Baylin and
Ohm, 2006). For example, DNA hypermethylation could
be detected not only in dysplastic epithelium of patients
with ulcerative colitis, a condition associated with an
increased risk for the development of colon cancer, but in
histologic normal epithelium (Issa et al., 2001). Aberrant
DNA methylation of the tumor suppressor gene CDKN2A

FIGURE 7.3 Distribution of DNA methylation in normal tissue and cancer. In the normal tissue, most promoter CpG islands are free of DNA
methylation (white circles) even if the gene is not expressed. Repetitive elements as well as interspersed CpG dinucleotides are mostly methylated (black
circles). In tumors, a global loss of DNA methylation (hypomethylation of the cancer genome) is observed whereas some promoter CpG islands become
methylated in a tumor typeespecific manner. Methylation patterns are dynamic and also change to a lesser extent during age and in response to envi-
ronmental factors.
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in smokers was detectable up to 3 years before individuals
were diagnosed with squamous cell lung carcinoma
(Palmisano et al., 2000). Not only smokers but also never-
smokers exposed to second-hand tobacco had a tendency
toward CDKN2A hypermethylation (Scesnaite et al., 2012).
Wielscher et al. (2015) developed a four-gene signature that
potentially monitors people with pulmonary fibrosis and
chronic obstructive lung disease who have a high risk of
progressing to lung cancer, thus allowing early detection
for malignant disease. Studies such as these suggest that by
screening high-risk groups for aberrant DNA methylation it
may be possible to identify subgroups of individuals who
carry an increased risk for tumor development. Thus,
treatment can be initiated at an earlier stage, gaining
valuable time for therapy.

Besides early detection, the methylation status of CpG
islands can be used to characterize and classify cancers.
Distinct methylation profiles for various cancers have
emerged in past years and have allowed the character-
ization and classification of these tumors based on
CpG island methylation status (Eads et al., 2000b;
Costello et al., 2000; Fernandez et al., 2012).

Prognostic markers assist in predicting the different
risks of outcome for patients regardless of the type of
treatment. Contrary to predictive markers, they may not be
a target of the therapy. Biomarkers of highest clinical value
would be able to evaluate the malignant potential of a tu-
mor and identify patients at high risk for rapid tumor pro-
gression and/or tumor recurrence. Moreover, prognostic
markers that can predict decreased survival time might help
stratify different tumor subtypes in which additional adju-
vant therapy or a combination of therapies might be
required, thereby avoiding loss of valuable time owing to
ineffective treatment. Many studies have investigated the
potential of DNA methylation of some candidate genes as
prognostic biomarkers in different types of cancers.
Genome-wide methylation profiling in ovarian cancers
defined tumor subgroups in which those with CpG island
hypermethylation correlated with early disease recurrence
after chemotherapy (Wei et al., 2002). Moreover, 112
methylated prognostic loci correlated with progression-free
survival at an accuracy of 95% (Wei et al., 2006) and 20
methylated CpG island loci including WNT pathway genes
were associated with progression of ovarian cancer (Dai
et al., 2011). In acute myeloid leukemia, a genome-wide
methylation experiment found a combination of 15 genes
among 14,000 analyzed as potential biomarkers for overall
survival (Figueroa et al., 2010), whereas 27,000 epi-
genotyping arrays demonstrated an association between
low global DNA methylation and higher complete remis-
sion rate and CDKN2B methylation was associated with
better overall and disease-free survival (Deneberg et al.,
2010). The latter technology also led to the identification of
100 methylated loci associated with disease progression in

breast cancer (Fackler et al., 2011) and six CpG signatures
associated with overall survival in glioblastoma (Etch-
everry et al., 2010). In colon cancer, a genome-wide
genomic and epigenomic study identified hyper-
methylated biomarkers from extracellular remodeling
pathways associated with poor survival (two markers) or
poor survival (multiple markers) (Yi et al., 2011). These
examples clearly demonstrate the power of genome-wide
approaches to identify the best prognostic methylation-
based biomarkers.

However, despite the large number of prognostic
markers reported, many of the reported studies, especially
those analyzing few selected candidate genes, lack suffi-
cient power and few prognostic biomarkers have been
confirmed in independent data sets. Evaluation is further
complicated by the fact that if prognostic values are
investigated in several studies, they are difficult to compare
because of varying and/or inadequately described patient
cohorts of often-limited sample size. Moreover, studies
frequently use different assays, which give dichotomized or
quantitative outputs, and which were further treated using a
number of data transformation steps such as “arbitrarily” or
“p valueedriven”-defined threshold levels before the
assessment of the prognostic value. A probably large
reporting bias toward positive associations combined with a
lack of randomization in the original observational study
further complicates a clear assessment of their clinical
value. It is therefore currently difficult to assess the true
prognostic power of DNA methylation-based biomarkers,
and adequately powered, well-designed studies with clear
reporting guidelines will be important for the field of DNA
methylation-based prognostic markers to move forward.

To date, clinical applications of DNA methylation have
focused mainly on cancer-related biomarkers and little has
been done on other complex diseases. The report on the
detection of aberrantly methylated molecules in cell-free
circulating DNA in lupus erythematosus opens the way to
perform analyses similar to those performed in the field of
cancer epigenomics as for other complex diseases (Chan
et al., 2014).

Several DNA methylation-based biomarkers are
commonly used in clinics, such as testing of the DNA
methylation status of the MGMT promoter to predict the
response to chemotherapy using alkylating agents in glio-
blastoma (Hegi et al., 2005) or of MLH1 to diagnose Lynch
syndrome (Newton et al., 2014). MGMT encodes a DNA
repair protein that removes alkyl groups from the
O6-position of guanines protecting DNA from damage.
The absence of MGMT could thus promote tumorigenesis
through an increased mutation rate. The hypermethylation
of the MGMT promoter frequently occurs in a variety of
cancers including colorectal; lung and head and neck can-
cers; lymphomas; and, of course, gliomas (Esteller et al.,
1999; Jacinto and Esteller, 2007; von Deimling et al.,
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2011). MGMT silencing in cancer results from CpG island
promoter hypermethylation associated with repressive his-
tone modifications such as H3K9 dimethylation
(Nakagawachi et al., 2003). In high-grade gliomas, three
important molecular biomarkers have been identified:
1p/19q co-deletion, IDH1/2 mutation, andMGMT promoter
methylation, all of which have prognostic values, whereas
only MGMT promoter methylation carries predictive in-
formation (Tabatabai et al., 2010). The MGMT promoter
methylation status contains both prognostic and predictive
information, depending on the grade of the gliomas.
Indeed, whereas MGMT promoter methylation prognoses
longer progression-free and overall survival in all types of
anaplastic gliomas independent of the type of chemo-
therapy (Brandes et al., 2006; van den Bent et al., 2009;
Wick et al., 2009), it predicts favorable outcome in patients
treated with alkylating agents such as temozolomide in
glioblastomas (Tabatabai et al., 2010).

Furthermore, commercial products are available, such
as the Epi proColon test, which analyzes methylation in the
SEPT9 gene (Church et al., 2014) for population-wide
screening for colorectal cancer [approved by the Chinese
Food and Drug Administration (FDA) in July 2015 and by
the US FDA in April 2016] and the Epi proLung (SHOX2)
test (Ilse et al., 2014). Panels with multiple genes can
further improve the specificity and sensitivity of DNA
methylation signatures, as demonstrated in a stool-based
screening test for colorectal cancer (Imperiale et al.,
2014) (Cologuard, Exact Sciences), in which DNA
methylation alterations were combined with mutation
detection, and which received the first US FDA approval
for a DNA methylation-based diagnostic test in 2014.

7.3 METHODS FOR DNA METHYLATION
ANALYSIS

For the analysis of DNA methylation, sensitive and quanti-
tative methods are required to detect even subtle changes in
the degree of methylation because biological samples often
represent a heterogeneous mixture of different cells, espe-
cially tumor and nontumor cells from tissue biopsies. With
the realization of the importance of epigenetic changes in
development and disease, a variety of techniques for the
study of DNA methylation has been developed over the past
years (Fouse et al., 2010; Harris et al., 2010; How-Kit et al.,
2012; Olkhov-Mitsel and Bapat, 2012; Lee et al., 2013; Sun
et al., 2015). No single method has emerged as the reference
standard technique unifying quantitative accuracy and high
sensitivity, possibility for whole-genome analysis and the
precise investigation of individual CpG positions. Thus, the
choice of the method depends mainly on the desired appli-
cation and the type, quality, and quantity of the available
biological material. Essentially, methods can be classified

into two categories: genome-wide and targeted. Several
generations of genome-wide methods have been developed
adapting to different analytical supports with increasing
levels of resolution whereas targeted approaches vary in the
function of their application.

7.3.1 The Methylation Content of a
Sample

Methods for the analysis of global DNA methylation levels
in a sample determine the overall 5-methylcytosine content
or changes affecting the entire epigenome, respectively
(Table 7.1). However, they give no information about the
location or repartition of DNA methylation on the genome.
5-Methylcytosine can be differentiated from its unmethy-
lated counterpart by the different mass or polarity of the
two bases (cytosine and 5-methylcytosine), which can be
used for chromatographic or mass spectrometric separation
(Wiebers, 1976; Eick et al., 1983; Fraga et al., 2002). The
5-methylcytosine content is measured after hydrolysis to
mononucleosides, and comparison with an internal standard
enables quantification. Particularly since the discovery of
the oxidative derivatives of 5-methylcytosine, the mass
spectrometry detection has become popular, also owing to
its exquisite sensitivity and the low amounts of required
starting material (Globisch et al., 2010; Le et al., 2011).

Bacterial methyltransferases such as SssI transfer a
methyl group from the universal methyl donor S-adeno-
syl-L-methionine to unmethylated CpG positions. The
methyl acceptor assay uses these enzymes and analyses
the amount of incorporated radiolabeled methyl groups
into a sample (Bestor and Ingram, 1983). The measured
amount of radioactive label thus correlates inversely with
the degree of its methylation before labeling. Similarly,
the cytosine extension assay combines methylation-
sensitive (MS) restriction digestion and single-nucleotide
extension with radiolabeled or fluorescently labeled
deoxycytidine triphosphate complementary to the guanine
50 overhang created by the digestion (Pogribny et al.,
1999; Bönsch et al., 2004). The PyrosequencingTM

Luminometric Methylation Assay is based on the differ-
ential digestion of a sample with an MS endonuclease or
its methylation-insensitive isoschizomer and the succes-
sive dispensation of four nucleotides complementary to
the overhang created by the endonucleases (Karimi et al.,
2006). The PyrosequencingTM-based analysis of repetitive
elements such as Alu and LINE1 has also been widely
used as surrogate for the global DNA methylation level
(Yang et al., 2004). Methods analyzing the total amount
of 5-methylcytosine in a sample are used to analyze and
follow global DNA methylation changes induced by
demethylating pharmaceutical agents in patients with he-
matologic malignancies at various points of treatment

Molecular Techniques for DNA Methylation Studies Chapter | 7 109



TABLE 7.1 Methods for Genome-Wide Identification of Differentially Methylated Genes

Method

Principle of

Differentiation Method

Enrichment of

Methylated/

Unmethylated

Fragments

Detection

Platform Comment References

Methylation reversal Reactivation of epige-
netically silenced genes
by treatment with
methylation inhibitors

RNA expression analysis
before and after treat-
ment with demethylat-
ing agents

e Complementary
DNA/expression
microarrays/RNA-
sequencing

Identifies epigenetic
modifications associated
with transcriptional
changes, potential con-
founding effects of
demethylating drugs
through methylation-
independent transcrip-
tion changes

Suzuki et al.
(2002)

Methylation-sensitive
restriction enzyme
esequencing

Methylation-sensitive
digestion

Methylation-sensitive
digestion, followed by
adaptor ligation to cut-
sites, sequencing

Unmethylated
regions

Second-
generation
sequencing

Identifies unmethylated
CpGs in recognitions
sites of methylation-
sensitive restriction en-
zymes, high coverage,
increased genome-wide
performance combined
with MeDIP-seq

Maunakea et al.
(2010) and Li
et al. (2015)

HpaII tiny fragment
enrichment by ligation-
mediated PCR (HpaII
tiny fragment enrich-
ment by ligation-
mediated PCR)

Methylation-sensitive
digestion and iso-
schizomer (HpaI/MspI)

Digestion, ligation medi-
ated amplification, co-
hybridization, or
sequencing

Differential
display of unme-
thylated and
methylated
regions

Microarrays,
second-
generation
sequencing

Simple, well-suited for
identification of hypo-
methylated regions, less
sensitive to genetic
polymorphisms, requires
enzyme recognition
sites

Khulan et al.
(2006)

Methylated DNA (MeD)
immunoprecipitation

5-Methylcytosine
antibody

Sonication, library prep-
aration, immunoprecipi-
tation, amplification,
sequencing

Methylated
regions

Oligonucleotide
tiling arrays,
second-
generation
sequencing

Genome-wide analysis,
not dependent on pres-
ence of restriction en-
zymes, insensitive to
genetic polymorphisms,
bias toward CpG-rich
regions (computational
correction required),
sensitivity is still
discussed

Weber et al.
(2005), Down
et al. (2008), and
Taiwo et al.
(2012)

Methylcytosine DNA-
binding domain (MBD)
proteins

DNA-binding domain
(MBD2) protein affinity
selection

Sonication, immunopur-
ification, library prepa-
ration, sequencing

Methylated
regions

CpG island
microarray,
second-
generation
sequencing

Sequence specificity of
MBDs,
Potentially applicable to
second-generation
sequencing

Serre et al. (2010)

1
1
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Methylated CpG island
recovery assay

DNA-binding domain
(MBD2/MDB3L1) pro-
tein affinity selection

Sonication, immunopur-
ification, library prepa-
ration, sequencing

Methylated
regions

Oligonucleotide
tiling arrays,
second-
generation
sequencing

Genome-wide analysis,
not dependent on pres-
ence of restriction en-
zymes, insensitive to
genetic polymorphisms,
might have higher sensi-
tivity than MeDIP

Rauch and Pfeifer
(2005) and Jung
et al. (2015)

Illumina HM450 array Infinium assay Bisulfite conversion, hy-
bridization, single-base
primer extension

Targeted differ-
entially methyl-
ated CpGs

Microarrays Genome-wide analysis
of 485,000 selected
CpG positions

Bibikova et al.
(2011) and
Sandoval et al.
(2011)

Illumina HM EPIC array Infinium assay Bisulfite conversion, hy-
bridization, single-base
primer extension

Targeted differ-
entially methyl-
ated CpGs

Microarrays Genome-wide analysis
of 840,000 selected
CpG positions

Moran et al.
(2015)

Whole-genome bisulfite
sequencing, MethylC-
seq

C/T base differences in
second-generation
sequencing

second-generation
sequencing library prep-
aration, bisulfite conver-
sion, sequencing

Genome-wide,
unbiased

Second-
generation
sequencing

Genome-wide analysis,
CpG and non-CpG cyto-
sines, genetic polymor-
phisms can be analyzed
simultaneously

Kulis et al. (2012)
and Urich et al.
(2015)

Whole-genome bisulfite
sequencing, postadaptor
bisulfite tagging

C/T base differences in
second-generation
sequencing

Bisulfite conversion,
second-generation
sequencing library prep-
aration, sequencing

Genome-wide,
unbiased

Second-
generation
sequencing

Genome-wide analysis,
CpG and non-CpG cyto-
sines, genetic polymor-
phisms can be analyzed
simultaneously

Miura et al.
(2012)

Tagmentation-based
whole-genome bisulfite
sequencing

C/T base differences in
second-generation
sequencing

Transposase-mediated
adaptor insertion, bisul-
fite conversion,
sequencing

Genome-wide,
unbiased

Second-
generation
sequencing

Genome-wide analysis,
CpG and non-CpG cyto-
sines, genetic polymor-
phisms can be analyzed
simultaneously

Adey and
Shendure (2012)

Reduced representation
bisulfite sequencing

C/T base differences in
second-generation
sequencing

Restriction digest,
second-generation
sequencing library prep-
aration, bisulfite conver-
sion, sequencing

CpG islands,
unbiased

Second-
generation
sequencing

Genome-wide analysis,
CpG and non-CpG
cytosines, focused on
CpG-rich regions,
cost-effective, genetic
polymorphisms can be
analyzed simultaneously

Meissner et al.
(2005)

MethylC-seq; PCR, polymerase chain reaction.
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(Mund et al., 2005; Kantarjian et al., 2006; Liu et al.,
2007) to investigate the efficacy of novel demethylating
agents (Balch et al., 2005), detect and predict the outcome
of various human cancers (Hur et al., 2014; Inamura et al.,
2014), and detect and quantify the effect of environmental
exposure on the DNA methylome (Bollati et al., 2007;
Marques-Rocha et al., 2016).

In situ hybridization methods with antibodies directed
against 5-methylcytosine allow measurement of the
methylation content and its potentially cell typeespecific
distribution, and thus to visualize 5-methylcytosine and its
oxidative derivatives in their cell nuclear context
(Miller et al., 1974; Bollati et al., 2007; Marques-Rocha
et al., 2016). Because only clustered methylated CpGs
prevalent in, for example, repeat elements can be
recognized at the chromosomal level, methylation patterns
at relatively small loci such as CpG islands contribute little
to the overall staining profile. Therefore, technologies using
an ultrasensitive and rapid fluorescence scanning system
with submicrometer resolution have been devised to ach-
ieve the detection of methyl groups at specific promoters
isolated from genomic DNA by restriction digestion and
hybridization to capture oligonucleotides immobilized on a
glass slide (Pröll et al., 2006).

7.3.2 Genome-Wide Analysis of DNA
Methylation Patterns

Microarray-based technologies using small oligonucleo-
tides with a length between 20 and 80 base pairs (bp) have
been valuable methods for the identification of new
epigenetic biomarkers because they do not require a priori
knowledge of target DNA sequences. Their power to
identify methylation markers for (early) diagnosis and
classification of tumors has repeatedly been proven
(Adorjan et al., 2002; Cottrell and Laird, 2003; Laird,
2003; Ushijima, 2005) and microarray-derived DNA
methylation-based signatures were useful for predicting
disease progression and risk of relapse (Wei et al., 2006)
as well as response to specific cytotoxic drugs
(Maier et al., 2005). With the exception of the epi-
genotyping arrays detailed subsequently, these technolo-
gies now have only historic value; they have contributed
significantly to our current knowledge on DNA methyl-
ation but have been largely superseded by massively
parallel sequencing, generally termed next-generation
sequencing (NGS) (see Chapter 9), which, in contrast to
microarray-based analyses, allows for a truly genome-
wide analysis.

7.3.2.1 Methylation Reversal Approach

A method that sets itself slightly apart is the methylation
reversal approach, which identifies methylation patterns not

by analyzing changes in DNA methylation patterns them-
selves but by measuring mRNA expression after treating
cells with a DNAmethylation inhibitor (Suzuki et al., 2002).
Pharmacologic agents such as the nucleoside analog 5-aza-
20-deoxcytidine (5-aza-dC) inhibit DNA methylation by
forming a covalent complex between methyltransferase and
DNA, which leads to progressive global demethylation (Yoo
and Jones, 2006). This approach is therefore restricted to cell
lines that can be cultured. Cells can be treated with 5-aza-dC
alone or combined with a histone deacetylase inhibitor such
as trichostatin A that leads synergistically to gene activation
of epigenetically silenced genes (Sun et al., 2011). This
approach uses well-established methods to analyze gene
expression (microarrays or NGS) as a detection platform. In
side-by-side comparisons, a sequencing-based readout
proved to be more sensitive than microarray and correlated
better with the quantitative polymerase chain reaction
(qPCR) results for selected genes (Xu et al., 2013). The main
advantage of this approach is that the detection of hyper-
methylated sites is linked to their transcriptional status,
which allows identification of genes whose transcription is
putatively under methylation control. However, modified
expression patterns owing to changes of methylation in cis
such as demethylation of the promoter, enhancer, or other
regulatory elements of a target gene or changes owing to the
activation of a gene that is in the same pathway as the target
gene will be indistinguishable from each other. A further
complication is the multiple effects of drugs such as 5-aza-
dC on additional numerousmetabolic pathways (Stresemann
et al., 2006), which might lead to methylation-independent
changes in gene expression.

7.3.2.2 Methylation-Sensitive and
-Dependent Restriction Enzyme-Based
Methods

Methylation-sensitive restriction endonucleases, that is,
enzymes that are blocked by methylated cytosines in their
recognition sequence (Bird and Southern, 1978), have been
widely used to analyze methylation patterns in combination
with their methylation-insensitive isoschizomers. About
50 MS restriction enzymes are known but few are available
in combination with a methylation-insensitive isochizomer.
One of the most commonly used pairs of enzymes is HpaII/
MspI; both recognize and cleave the four-base palindrome
CjCGG in double-stranded DNA, but whereas MspI
cleaves the DNA-independent of its methylation status,
HpaII is unable to cleave when the second cytosine is
methylated (CjmeCGG). Another frequently used enzymatic
combination is the MS enzyme SmaI (CCmeCjGGG), which
leaves blunt ends, and XmaI (CjCmeCGGG), which is less
sensitive to methylation and creates an overhang that can be
used for the ligation of adaptors for subsequent PCR

112 Molecular Diagnostics



amplification. Although methods based on MS restriction
enzymes are relatively cost-effective because they require
no special instrumentation, they are hampered by limitation
to specific restriction sites, because only CpG sites found
within these sequences can be analyzed. For example, only
about 4% of CpG sites in nonrepetitive sequences are in
recognition sites for the frequently used restriction enzyme
HpaII and only 0.03% can be cleaved by NotI (Fazzari and
Greally, 2004). In addition, methods using these enzymes
might be prone to false-positive results owing to incom-
plete cleavage, and some sequences are intrinsically resis-
tant to digestion if not appropriately controlled. For
example, non-CpG methylation on cytosines or DNA ad-
ducts in the vicinity of the cleavage site might influence the
restriction capacity of an enzyme. Therefore, digestions are
difficult to perform on material extracted from
formaldehyde-fixed, paraffin-embedded (FFPE) material.
Thus, approaches such as MS arbitrarily primed PCR and
MS restriction fingerprinting (Gonzalgo et al., 1997, Huang
et al., 1997, differential methylation hybridization (DMH)
(Huang et al., 1999), MS representational difference anal-
ysis (Ushijima et al., 1997), methylated CpG island
amplification (Toyota et al., 1999), microarray-based inte-
grated analysis of methylation by isoschizomers (Hatada
et al., 2006), and restriction landmark genomic scanning
(Costello et al., 2002) have largely become obsolete and
been replaced by more quantitative sequencing methods
allowing rapid identification of altered DNA methylation
levels at higher spatial resolution.

However, a few protocols are still in use and some re-
striction enzymeebased strategies have been successfully
transferred to NGS instruments, which will permit a more
quantitative analysis of the isolated (methylated or unme-
thylated) fraction of the genome. In addition, NGS does not
restrict the analysis to a subset of loci of the genome as do
microarrays, and the sequence identity is resolved in
contrast to gel-based readouts.

Methylation-sensitive restriction enzyme sequencing
(MRE-seq) identifies unmethylated CpG sites at singlee
CpG site resolution by sequencing size-selected fragments
from parallel DNA digestions with a number of MS re-
striction enzymes (e.g., HpaII, Hin6I, and AciI) and covers
about 1.7 million of the 29 million CpG sites in the human
genome (Maunakea et al., 2010). After restriction digest
and size selection, Illumina adaptors are ligated to the DNA
fragments, PCR amplified, and sequenced using short-
length (50-bp) single-read sequencing, thereby identifying
unmethylated CpG sites within the restriction sites
with single-base resolution. Interrogation of the methylated
fraction of the genome by methylated DNA immunopre-
cipitation sequencing (MeDIP-seq), described in more
detail subsequently, yields complementary information, and
the combined use of MRE-seq and MeDIP-seq allows for
genome-wide DNA methylation analysis at high coverage

and resolution while limiting the biases of each technology
(Li et al., 2015). A protocol similar to MRE-seq, methyl-
ation mapping analysis by paired-end sequencing, isolates
both the methylated and unmethylated fraction of the
genome by using the methylation-dependent restriction
endonuclease McrBC and a combination of several re-
striction enzymes, respectively before library preparation
and paired-end sequencing (Edwards et al., 2010).

In the initial protocol of differential methylation hy-
bridization (Huang et al., 1999), two differentially treated
fractions of the same sample were comparatively hybrid-
ized to an array-based probe library and relative (fluores-
cent) intensities were measured. Genomic DNA was
fragmented by digestion with a frequently cutting restric-
tion enzyme that preferentially cuts outside CpG islands.
Linkers for PCR amplification were subsequently ligated to
the digestion products. The sample was split into two parts
and one half was digested with an MS restriction enzyme.
In this sample only methylated fragments that are resistant
to the digestion are amplified in the subsequent PCR,
whereas in the reference sample all fragments are amplified.
Fractions are labeled with two different fluorescent dyes
and hybridized to microarrays with an immobilized CpG
island library. The HpaII tiny fragment enrichment by
ligation-mediated PCR (Khulan et al., 2006) uses the
digestion of this sample with its methylation-insensitive
isoschizomer instead of a reference sample, which nor-
malizes the signal for the HpaII digest by that of the MspI
digest. This assay format has been successfully transferred
to sequencing platforms and has been used in a number
of studies (Hu et al., 2014; Yuan et al., 2016). Of note,
a variation in the protocol permits the separate detection of
5-hydroxymethyl cytosine (Bhattacharyya et al., 2013).

Although for the analysis of gene-specific methylation
patterns or individual CpG positions methods using MS
endonucleases have largely been replaced by PCR-based
methods following treatment of genomic DNA with so-
dium bisulfite, some are as described later still used and do
provide some advantages when combined with high-
throughput qPCR and multiplex amplification systems.

7.3.2.3 Methylated DNA
Immunoprecipitation and Methyl Binding
Protein Affinity Chromatography

The approaches described previously rely on MS restriction
endonucleases and analysis is restricted to sequences that
contain recognition sequences for the enzymes in their
proximity. An alternative approach isolates the methylated
fraction of a genome by immunoprecipitation or affinity
purification of methylated DNA with MBD proteins. Of the
different MBD proteins, MBD2b has the highest affinity for
methylated DNA (Fraga et al., 2003). Therefore, in the
methylated-CpG island recovery assay (MIRA), a
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glutathione S-transferaseetagged full-length MBD2b has
been used to bind sonicated methylated DNA fragments
and the affinity to methylated CpG dinucleotides is further
enhanced in a dose-dependent manner by the addition of
the MBD3-like-1 protein (Rauch and Pfeifer, 2005). The
combined effect significantly improves the sensitivity of the
assay and a single methylated CpG dinucleotide enabled
capture of the corresponding DNA molecule. Ligation of
oligonucleotide linkers to enzymatically digested DNA
before affinity chromatography permits efficient amplifi-
cation of eluted fractions and subsequent analysis of
differentially labeled input DNA and MIRA-enriched
amplification products by DMH on a CpG island micro-
array (Rauch et al., 2006) or second-generation sequencing
(Jung et al., 2015). Of note, because the capture is per-
formed on double-stranded DNA, library preparation can
be performed both before and after the enrichment step. A
potential complication is the target specificity of MBDs,
and MBD columns enrich significantly but do not fully
purify methylated sequences (Selker et al., 2003). In the
comparable MBD-seq or MethylCap-seq assay, only
MBD2 is used to enrich methylated CpGs (Brinkman et al.,
2010; Serre et al., 2010).

An alternative approach, MeDIP, follows the protocol
for chromatin immunoprecipitation analysis, enriching
methylated sequences independent of their surrounding
sequence. Methylated DNA fragments are precipitated with
a bead-immobilized antibody specific for 5-methylcytosine
and analyzes locus specifically by PCR amplification (Luo
and Preuss, 2003), genome-wide on various microarrays
(Weber et al., 2005), or by sequencing (Down et al., 2008;
Taiwo et al., 2012). The combination of MeDIP with tiling
arrays was used to define the methylome of human pro-
moters (Shen et al., 2007; Weber et al., 2007) as well as 13
human somatic tissues identifying tissue-specific methyl-
ated genes (Rakyan et al., 2008). MeDIP enriches prefer-
ential sequences with a high density of methylated CpGs
such as repetitive elements or methylated CpG islands
(Irizarry et al., 2008). Computational algorithms are
therefore required to account for this bias in amplification
and to convert signal intensities into the percentage of
methylation (Down et al., 2008; Pelizzola et al., 2008;
Huang et al., 2012; Xiao et al., 2015).

MeDIP-seq combines methylation-specific immuno-
precipitation with sequencing of the pull-down product
(Down et al., 2008). Because the antibody recognizes
methylcytosine only in single-stranded DNA, sequencing
adaptors are normally ligated to the fragmented DNA
before immunoprecipitation and the isolated DNA frag-
ments are subsequently amplified by PCR before
sequencing. The resulting short reads are then mapped back
onto the genome sequence. Stacked sequences indicate
regions of the genome where the cytosines are methylated.
Improved and automated protocols allow for the

standardized high-throughput analysis of samples with little
starting material (Taiwo et al., 2012).

Both MBD-seq and MeDIP-seq are well-suited for the
identification of differentially methylated regions but have
a different target distribution (Nair et al., 2011). Whereas
MBD-seq preferentially enriches CpG islands and regions
with high CpG density, MeDIP also enriches methylated
CpGs in regions with low CpG density (Robinson et al.,
2010; Nair et al., 2011). Of note, the CpG density eluted for
sequencing using MBD-seq approaches can be modulated
by using different salt concentrations for elution (Serre
et al., 2010).

7.3.2.4 Genome-Wide Bisulfite Sequencing

Sodium bisulfite conversion of genomic DNA has revolu-
tionized the field of DNA methylation analysis because it
permits the use of well-established DNA amplification
procedures from minute amounts of samples such as clin-
ical specimens (Fig. 7.4) (Frommer et al., 1992). Bisulfite
treatment of genomic DNA samples results in the hydro-
lytic deamination of nonmethylated cytosines to uracils,
whereas methylated cytosines are resistant to conversion
(Shapiro et al., 1974; Wang et al., 1980). After PCR
amplification, in which uracils are replaced by their DNA
analogue thymine, the methylation status at a given posi-
tion is manifested in the ratio C (former methylated cyto-
sine) to T (former nonmethylated cytosine) and can be
analyzed as a virtual C/T polymorphism in the bisulfite-
treated DNA. This chemical conversion of DNA is
required to “freeze” the methylation status of a sample
because DNA polymerases used for PCR amplification do
not distinguish between methylated and nonmethylated
cytosines, and therefore the methylation information is not
retained after amplification. Sodium bisulfite treatment
therefore enables the analysis of any CpG site of interest
with quantitative resolution at the nucleotide level dis-
playing CpG methylation as a positive signal.

Although potentially confounded by the presence of
5-hmC, whole-genome bisulfite sequencing (WGBS) or
MethylC-seq can be considered the current reference standard
for genome-wide identification of differentially methylated
regions at single-nucleotide resolution. It overcomes the lim-
itations of cloning and Sanger sequencing, a low-throughput
method limited to a limited number of loci of interest, in
which the quantitative resolution was limited by the number
of clones analyzed (in most studies less than 20). Furthermore,
WGBS avoids the problem with primer design that often in-
troduces multiple biases (Grunau et al., 2001; Warnecke et al.,
2002). The unprecedented quantitative and spatial resolution
that is currently transforming DNA methylation analysis
comes at a high cost and requires substantial sequencing to
obtain proper and even coverage and requires some bio-
informatic expertise and resources. The most widely used
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protocol consists of the fragmentation of genomic DNA,
adapter ligation, bisulfite conversion, and limited amplifica-
tion using adapter-specific PCR primers. Whereas initially
several micrograms of DNA were required to perform
WGBS, the replacement of electrophoretic steps and gel
extraction by magnetic beads has enabled the creation of li-
braries suitable for sequencing from about 100 ng of input
material (Urich et al., 2015). Libraries have been reported to
be constructed from less input material, but in most cases they
require a high number of PCR cycles (up to 25 cycles)
(Kobayashi et al., 2012), which potentially introduces a large
bias for estimation of the DNA methylation levels and a much
more substantial sequencing effort to obtain homogeneous
and sufficient coverage. To assess bisulfite conversion effi-
ciency, DNA bacteriophage l is spiked into the reaction.
Mapping the reads against the bisulfite-converted genome of
the phage and counting any remaining cytosines allows
problems to be identified during bisulfite conversion and es-
timate conversion rates. Similarly, overconversion can be
assessed using a fully methylated spike-in. A large number of
programs have been developed to perform quality control,
preprocessing steps (such as adaptor, barcode, and quality
score trimming), mapping of the reads to a bisulfite-converted
reference genome and scoring of DNA methylation levels
(count statistics), and identification of differentially methyl-
ated CpG positions and regions (Adusumalli et al., 2015). The
protocol has been widely used for the methylome-wide
analysis of a large number of organisms and plats as well
as human tissues; about 90e95% of cytosines present in the
genome are covered (Lister et al., 2008, 2009, 2011; Li et al.,
2010; Lyko et al., 2010; Chalhoub et al., 2014; Guo et al.,
2014).

Although most commonly performed on the Illumina
sequencing platform, which allows higher coverage, pro-
tocols and analytical pipelines have also been devised for
the SOLiD platform (Bormann Chung et al., 2010; Kreck

et al., 2012) and have been applied in some studies (Hansen
et al., 2011; Kreck et al., 2013).

A variation of the MethylC-seq protocol, which cap-
tures all four strands of a bisulfite-treated genomic DNA
using an alternative sequencing adaptor strategy, has been
devised (BS-seq) (Cokus et al., 2008). Although it allows a
more comprehensive mapping of cytosines, the strategy
requires a large amount of input DNA and comes at the cost
of a more complex bioinformatics analysis; the approach
has rarely been used (Popp et al., 2010). Similarly, whole-
genome preamplification of bisulfite-treated DNA has been
proposed as an alternative to obtain sufficient material for
sequencing (Kobayashi et al., 2012); however, the accuracy
and reproducibility of whole-genome amplification are still
under debate and prone to bias especially when low
amounts of input DNA are used (Bundo et al., 2012).

Tagmentation is based on a hyperactive variant of the
prokaryotic Tn5 transpose that randomly fragments DNA
and tags ends with the sequencing adaptors that can be
used subsequently for amplification. Initially used for low-
input genome sequencing (Adey et al., 2010), the
approach has been adapted to the analysis of genome-wide
DNA methylation analysis (Tn5mC-seq or T-WGBS)
(Adey and Shendure, 2012; Wang et al., 2013), single-cell
RNA sequencing (Brouilette et al., 2012), and as
described subsequently, the analysis of chromatin acces-
sibility (Buenrostro et al., 2013) and transcription factor
binding sites and histone modifications (Schmidl et al.,
2015). Because tagmentation requires double-stranded
DNA as the target of the transposition reaction, tagmen-
tation is performed before bisulfite conversion. Trans-
posase complexes are loaded with methylated
oligonucleotide (except for the 19-bp transposase recog-
nition sequence) to retain sequence identity after bisulfite
treatment and enable use of the standard amplification
primers. A second complementary methylated adaptor is

FIGURE 7.4 Principle of the treatment of genomic DNA with sodium bisulfite. Unmethylated cytosines are hydrolytically deaminated to uracils, which
in turn are replaced by the DNA analog thymine during subsequent polymerase chain reaction (PCR) amplification. Methylated cytosines are resistant to
the treatment under the carefully controlled reaction conditions and remain cytosines. Therefore, any cytosine still present in the bisulfite-treated DNA
corresponds to a methylated cytosine before conversion. The Watson and Crick strands that are complementary in native genomic DNA are no longer
complementary after bisulfite treatment and both strands can be independently amplified by PCR. This process doubles the genome size while reducing its
complexity to a three-letter code, which makes primer design more challenging on bisulfite-treated DNA than on untreated genomic DNA.
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added, replacing the transposase recognition sequence,
and ligated using gap repair. Double-stranded DNA
fragments are bisulfite converted and subsequently PCR
amplified to append the flow cellecompatible primers.
The protocol can be carried out with little input (down to
10 ng) because the tagmentation step removes the need for
multiple steps of the conventional protocol for library
preparation (DNA shearing, 30-end repair, adenylation,
and adapter ligation). Furthermore, transposome tagmen-
tation has been shown to be little affected by guanine-
cytosine (GC) content (Adey and Shendure, 2012). Up
to 96% of CpGs can be covered with this approach and
about 70% of reads align to the genome, a number slightly
lower compared with the standard MethylC-Seq protocol.
However, the coverage has been shown to be slightly
more uniform compared with standard MethylC-seq and
the tagmentation-based protocol requires up to about 100
less DNA input for similar sequence quality. Despite these
differences as well as the more streamlined procedure,
MethylC-seq and T-WGBS yield highly similar results in
terms of methylation levels and coverage of the genome,
and there seems to be no sequence bias for the insertion of
the transposase (Wang et al., 2013). Furthermore, the
presence of unmethylated nucleotides during the gap
repair step serves as an internal control for bisulfite con-
version efficiency and abolishes the need for DNA spike-
ins. Of note, T-WGBS has been found to be unsuitable for
the analysis of DNA extracted from FFPE tissue.

A potential drawback of both the MethylC-seq and the
tagmentation-based protocol is that the adaptors are ligated
to the DNA fragments before the bisulfite conversion.
However, treatment of DNA with sodium bisulfite leads to
a substantial degradation in DNA and significantly reduces
the amount of amplifiable DNA through the induction of
double-strand breaks between the adaptors. Therefore,
protocols performing the adaptor tagging after bisulfite
treatment [postadaptor bisulfite tagging (PBAT)] have been
devised and shown to enable efficient library construction
from as little as 125 pg of DNA (Miura et al., 2012). This
approach has therefore been used to sequence methylomes
of rare cell population, such as primordial germ cells or
zygotes (Kobayashi et al., 2012, 2013; Shirane et al., 2013;
Peat et al., 2014). Adaptor tagging is performed with two
rounds of random primer extension using oligonucleotides
with a random tetramer sequences at the 30-end of ampli-
fication primers containing the Illumina adaptor sequences.
Primers are biotinylated for the capture of biotinylated
fragments after first-strand synthesis on magnetic beads.
Starting from about 100 ng of DNA allows routine PCR-
free construction of libraries for methylome-wide
sequencing (Miura et al., 2012), thereby avoiding the
problem of high PCR duplicate rates that frequently occurs
in PBAT protocols owing to the preferential binding of the
random amplification primers when the library has

insufficient complexity and diversity. Furthermore, random
primers tend to amplify sequences preferentially with
elevated GC content. Whereas the classic MethylC-seq
tends to cover GC-poor regions better than GC-rich re-
gions, this phenomenon seems to be reversed in the PBAT
protocol, which suggests that if PCR amplification is
required, the combination of the two approaches will
probably yield the most even coverage of the methylome.

With the drop in the cost of NGS, large-scale
projects such as the International Human Epigenome
Project (ihec-epigenomes.net) and the National Institutes
of Health Roadmap Epigenomics Project (www.
roadmapepigenomics.org) have moved to applying
WGBS to establish reference epigenomes of all cell types
in the human body (Roadmap Epigenomics et al., 2015).
This technique provides complete resolution; however, it
is still too expensive to apply to the study of many in-
dividuals. A strategy to apply BS-seq to genome-wide
studies in more complex organisms and across pop-
ulations such as mice and humans consists of reducing the
complexity of the genome by creating reduced represen-
tation libraries [reduced representation bisulfite
sequencing (RRBS)] (Meissner et al., 2005). The
methylation-insensitive restriction endonuclease MspI
followed by size selection is used to isolate small frag-
ments originating from CpG-rich regions, significantly
enriching for CpGs in CpG islands. This fraction of the
genome is then comprehensively sequenced. However,
the isolated fraction covers only 1% of the genome. Pre-
designed products enabling the capture of promoters and
CpG islands are currently commercially available, such as
Agilent’s SureSelect� human Methyl-seq, covering
approximately 3% of the genome (84 Mb) corresponding
to about 1/7 of all sequencing-accessible CpG sites (3.7 M
CpG sites) (Borno et al., 2012). The technology also al-
lows customized capture panels targeting regions of in-
terest (Ivanov et al., 2013). Although the required amount
of starting material has been significantly reduced since
the method was originally devised [20e30 mg (Lee et al.,
2011) to 2e3 mg], it remains a major drawback of these
methods. This requirement is mainly because the capture
is carried out after adapter ligation and before the bisulfite
conversion proscribing an amplification step as well as the
high number of PCR cycles that need to be performed
after the release of the captured fragments potentially
distorting the DNA methylation values. However, ad-
vances show the feasibility of a PBAT protocol signifi-
cantly reducing the amount of starting material required
(Miura and Ito, 2015). The design of custom capture ar-
rays targeting a high number of specific regions of interest
makes this approach competitive with RRBS, which costs
substantially less but might be less well-suited if specific
regions are mandatory for the analysis that are not easily
accessible by a (combination of) restriction digests. The
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SeqCap Epi CpGiant from Roche/Nimblegen allows for
the reduced input of DNA (1 mg) compared with the
SureSelect MethylSeq system and is performed on a
WGBS library by using capture probes complementary to
methylated, unmethylated, and partially methylated tar-
gets after bisulfite conversion. A sophisticated design
combined with the use of long probes allows efficient
capture focusing only on regions of interest at much
increased coverage compared with WGBS (Allum et al.,
2015). Up to four samples can be sequenced on a single
lane of a flow cell of an Illumina HiSeq 2000, which is
30% less sequencing depth compared with the MethylSeq
capture (70e80 million reads compared with 100e150
million reads). Read numbers as low as 40e50 million
have been reported to be sufficient for coverage allowing
accurate quantitative assessment.

7.3.2.5 Epigenotyping Arrays

Illumina, Inc. (http://www.illumina.com) presented a
modified version of the Golden Gate genotyping assay for
the analysis of DNA methylation. The Golden Gate assay
analyzes 1505 CpGs in 807 genes using 250 ng of bisulfite-
converted DNA as the input (Bibikova et al., 2006b). Allele
discrimination is achieved before amplification: two allele-
specific oligonucleotides that have their 30 terminus com-
plementary to the methylated or unmethylated alleles of a
target CpG and that are extended only if the primer matches
the target perfectly, and two locus-specific oligonucleotides
that are also complementary to an unmethylated or meth-
ylated allele (Bibikova et al., 2006b). Extended
allele-specific oligonucleotides are then ligated to the
locus-specific oligonucleotides to create templates for
subsequent amplification with fluorescently labeled primers
specific for the respective methylation state. Allele
discrimination is thus achieved at two different levels,
which increases the specificity of the reaction and mini-
mizes false-positive results. The locus-specific oligonucle-
otide also carries a sequence that is complementary to tag
sequences immobilized on the bead arrays and that is then
used for readout of the quantitative methylation degree at
selected CpG positions with a resolution of about 20%.
Results are normally confirmed by high-resolution quanti-
tative methods such as pyrosequencing (Ladd-Acosta et al.,
2007). The Golden Gate assay has been used to study the
DNA methylation profile of embryonic stem cells (Bibi-
kova et al., 2006a) and brain tissue (Ladd-Acosta et al.,
2007), as well as to identify DNA methylation changes
specific to Wilms’ tumor (Bjornsson et al., 2007) and
neuroendocrine tumors (How-Kit et al., 2015) and has until
recently been continued as custom panel for multiplexed
DNA methylation assays under the name of the VeraCode
DNA methylation assay. However, the assay is based on
the hypothesis that closely neighbored CpG positions

display a high degree of co-methylation, which might be a
simplified assumption and the coverage was of course very
limited. Golden Gate has therefore seen three subsequent
generations of epigenotyping arrays with ever increasing
coverage. The Infinium assay analyzes for 27,578 CpG
sites in more than 14,000 genes (Bibikova et al., 2009).
Twelve samples are processed in parallel. Similar to the
respective genotyping assay, the 30 base is specific for the
methylation state, which is extended only in the case of
complete complementary with one of the four fluorescently
labeled dideoxynucleotides. A different bead “barcode”
distinguishes between probes specific for the methylated
and unmethylated state of a given CpG. This assay allows a
comprehensive analysis of the DNA methylation state of a
sample in high-throughput studies, but again only one to
three CpGs are analyzed per gene. With the Illumina
HM450 array 485,000 CpG positions across the human
genome can be interrogated using the Infinium assay. This
array has turned into an industry standard for DNA
methylation studies in humans (Bibikova et al., 2011;
Sandoval et al., 2011) and has been rapidly adapted by the
community for epigenome-wide association studies for the
analysis of a large variety of diseases and phenotypes
(Grundberg et al., 2013; Dick et al., 2014; Glossop et al.,
2014; Martino et al., 2014; Miceli-Richard et al., 2015;
Stefansson et al., 2015). The advantage of this method is
the integration of a methylation-dependent step into a
highly standardized protocol that has been thoroughly
validated, and random variations in signal intensities owing
to differential hybridization efficiencies have been mini-
mized. When properly handled these epigenotyping arrays
are accurate and display high correlation with RRBS (Bock
et al., 2010) as well as locus-specific quantitative assays
such as pyrosequencing (Roessler et al., 2012) or Meth-
yLight (Campan et al., 2011). The Illumina Methyl-
ationEPIC BeadChip has been presented and evaluated; it
adds approximately 400,000 CpGs to the content of the
Illumina HM450 array and focuses essentially on enhancer
regions identified in the ENCODE and FANTOM5 pro-
jects, thereby significantly extending the information con-
tent of the BeadChip (Moran et al., 2015).

The increasing information content of these dedicated
epigenotyping arrays has rendered obsolete the analysis of
the methylated fraction of the genome enriched by MS
digestion on commercial single-nucleotide polymorphism
(SNP) genotyping microarrays, a method termed methyl-
ation SNP (Yuan et al., 2006; Kerkel et al., 2008). An
advantage was the simultaneous genetic (DNA copy
number/loss of heterozygosity) and epigenetic analysis of a
genome with dense coverage, but this information can now
also be obtained directly from the epigenotyping arrays
(Feber et al., 2014).

Genome-wide discovery methods are well-suited for
mapping large-scale methylation variation in the whole
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genome, but for some of them they do not provide quan-
titative high-resolution information of individual CpG sites
(e.g., MeDIP-seq, MBD-seq) and/or can be performed only
in a limited number of individuals because of the cost
(WGBS). Therefore, the large number of candidate genes or
regions potentially involved in biological or medical con-
ditions under investigation needs to be validated using
more quantitative methods in a larger sample set (poten-
tially hundreds of samples).

7.3.3 Analysis of Candidate Gene Regions

The following methods allow overall density of DNA
methylation to be analyzed in an amplified target region
after bisulfite treatment (Fig. 7.4) (Frommer et al., 1992).

Methods for the analysis of the global methylation
levels of a target region do not yield precise information
about the methylation status of individual CpGs, and the
distribution of allelic methylation patterns is only more or
less resolved depending on the technique. These methods
are valuable screening tools that might help select infor-
mative samples for more detailed analysis using techniques
with increased resolving power such as sequencing, mass
spectrometryebased sequencing, and pyrosequencing.
Analysis of DNA methylation levels in candidate regions
can be analyzed semiquantitatively by techniques such as
denaturing high-performance liquid chromatography (Deng
et al., 2002) or MS single-strand conformation analysis
(Burri and Chaubert, 1999), all of which use differential
retention or migration behavior owing to the sequence
difference between former methylated and unmethylated
molecules induced by bisulfite treatment. However, het-
erogeneous methylation levels might result in patterns that
are difficult to interpret. Melting curve analysis (Fig. 7.5)
monitors the melting temperature of a PCR product
amplified from bisulfite-treated DNA in real time using a
thermocycler coupled to a fluorometer (Worm et al., 2001;
Akey et al., 2002). The melting profiles of PCR products
originating from methylated and unmethylated variants of
the same template are significantly different because of
their different GC contents. Therefore, the methylation
status of an unknown sample can be determined by
comparing the melting profile of the sample with calibra-
tion standards. A gradual increase in temperature leads to
stepwise dissociation of the double strand in domains of the
PCR product in the function of their GC content that differs
between methylated and unmethylated molecules after
bisulfite treatment. The technology was previously
hampered by the toxicity of the intercalating agent SYBR
Green I to DNA polymerases, which prohibited working at
the required saturating concentrations. Advances in fluo-
rescence detection technology, new algorithms for data
calculation, and the use of novel dyes have allowed the

development of this high-resolution melting analysis
(Wojdacz and Dobrovic, 2007). This method is a promising
advance because it is extremely simple and relatively
inexpensive, and it allows the rapid scanning of a large
number of genes for the presence of differential DNA
methylation. Diagnostic applications for the detection of
aberrant methylation profiles in imprinting disorders (White
et al., 2007; Wojdacz et al., 2008; Alders et al., 2009) and
cancer (Balic et al., 2009) have been proposed.

7.3.4 Sequencing Technologies

7.3.4.1 Sanger Sequencing of Bisulfite-
Treated DNA

Direct fluorescent Sanger sequencing of PCR products
amplified from bisulfite-treated DNA can be used for the
detailed analysis of DNA methylation in long CpG
stretches from small amounts of starting material (Clark
et al., 1994). However, direct sequencing is technically
demanding in regions with heterogeneous or low (<15%)
methylation levels. Furthermore, quantitation of the
readout is imprecise and difficult because of the low
sequence diversity of bisulfite-converted DNA, which
requires sophisticated computational algorithms such as
ESME (Lewin et al., 2004). Therefore, in most cases
PCR products are cloned and multiple colonies are sub-
sequently sequenced. Cloning and sequencing of multi-
ple colonies (Frommer et al., 1992) were previously
regarded as the reference method for the analysis of DNA
methylation because of the richness of information pro-
vided, and most novel methods were validated by com-
parison with results obtained by sequencing and cloning.
It provides detailed information on the methylation status
of CpG positions in relatively long sequence stretches of
target sequence and has been widely used in the past.
Before the advent of second-generation sequencing,
cloning and subsequent Sanger sequencing was the only
technology capable of addressing the problem of allele-
specific and/or mosaic methylation patterns adequately.
However, the quantitative resolution is limited by the
number of clones analyzed. Because the procedure be-
comes expensive, time-consuming, and cumbersome
when applied in high throughput, only a small number of
alleles on the order of about 10 to 20 colonies are usually
analyzed, from which it is difficult to infer statistically
meaningful results. Despite its status as a reference
method, this procedure is prone to a variety of biases
(PCR and cloning procedure) that distort the quantitative
result. A variety of critical parameters as well as potential
sources of artifacts and their remediation have been
investigated in detail to avoid these pitfalls
(Warnecke et al., 1997; Grunau et al., 2001).
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7.3.4.2 Next-Generation Sequencing of
Bisulfite-Treated DNA

Much greater coverage and quantitative resolution can be
obtained by NGS. Quantitative sequencing approaches
make use of benchtop sequencers (e.g., Illumina’s MiSeq;
454/Roche’s Junior or Ion Torrent’s PGM) and allow
generating high levels of coverage (e.g., hundreds to
thousands times) that will yield precise measurements of
the quantitative levels of cytosine methylation. Amplicon
bisulfite sequencing using these instruments has become
widely used to validate genomic regions after methylome
analyses and to answer hypothesis-driven research ques-
tions. In addition, because of the sequencing of clonal
clusters generated in the sequencing machine, these
methods provide co-methylation patterns on individual
molecules within the limits of the length of the reads (up to
600 bp in paired-end mode). A current output of about 50
million reads for the MiSeq yields between 3.8 and 15 GB
of sequence depending on the sequencing kit, and several
tens to hundreds of target regions can be analyzed simul-
taneously depending on the desired coverage and number
of samples analyzed in parallel. Their short run time,
relatively low running costs, and wide availability make
them a valuable alternative for targeted DNA methylation
analysis. Although initially approaches were devised for the
analysis on the pyrosequencing-based 454 platform (Taylor
et al., 2007; Gries et al., 2013), which has been shown to
yield accurate and quantitative results, and despite its
nearly unrivalled sequencing length, this sequencing plat-
form has not been able to cope with the improvements of
other platforms and is supposed to be phased out in the near
future.

In general, PCR amplification products are prepared
from bisulfite-treated DNA using a two-round amplification
protocol with a first pair of target region-specific amplifi-
cation primers that contain tag sequences to label the
created amplicons with sequences compatible for subse-
quent PCR amplification with full-length Illumina p5 and
p7 adaptor sequences. Molecular barcodes and full-length
adaptor sequences are added in a second round of ampli-
fication after pooling all amplicons from a sample. If
sample quantity is limited, the first amplification can also
be performed as multiplex PCR, but it requires some more
optimization for the multiplex setup (Korbie et al., 2015).
Another strategy consists of using conventional amplifica-
tions: primer and the molecular barcode and adaptors
complementary to the sequences immobilized on the flow
cell are added in a standard library preparation protocol
after pooling of the PCR products from the first round of
amplification (Jenkins et al., 2014). An alternative protocol,
termed bisulfite amplicon sequencing, uses the hyperactive
Tn5 transposase (Nextera/Illumina) for random insertion of
the sequencing primers in the amplification product after
PCR-based targeted amplification using conventional
primers (Masser et al., 2013). Amplification of multiple
amplification products in parallel can also be performed
using microfluidic tools such as the Fluidigm Access Array
simultaneously amplifying 48 target regions in 48 samples
starting from as little as 50 ng (Paliwal et al., 2013). The
Fluidigm Access Array uses a two-step amplification pro-
cedure in which universal forward and reverse adaptor se-
quences are added to the 50-ends of the gene-specific
amplification primers. Sample barcodes and platform-
specific sequencing primers are added in a second round
of amplification. However, this approach has been found to

FIGURE 7.5 High-resolution melting analysis of different mixtures of methylated and unmethylated DNA (0%, 5%, 10%, 25%, 50%, and 100%) in the
promoter region of RARB gene.
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be unsuitable for DNA extracted from FFPE samples
(Korbie et al., 2015). Bisulfite-patch PCR is another
approach enabling multiplex amplification by using a re-
striction enzyme digest to anneal exonuclease-resistant
patch oligonucleotides and universal primers complemen-
tary to the created overhang, while unselected fragments
are eliminated by an exonuclease digestion (Varley and
Mitra, 2010). After bisulfite conversion, fragments are
amplified using sequencing platform-specific universal
primers. Bisulfite patch PCR has been used to analyze up to
94 simultaneously amplified sequences with little off-target
sequences; however, the requirement for a specific restric-
tion site imposes serious limitations on the targets that can
be analyzed in parallel. Nonetheless, multiple restriction
enzymes can be used to select different sets of target se-
quences (Varley and Mitra, 2010).

As for genome-wide approaches for DNA methylation
analysis, PBAT can also be applied to amplicon bisulfite
sequencing approaches to start with about 100 times less
input DNA compared with the standard library preparation
protocol and to reduce the number of amplification cycles
(Miura and Ito, 2015). In general, bisulfite sequencing us-
ing next-generation sequencers with their digital readout
enables more accurate quantification of DNA methylation
levels because they show a reduced error of quantitation
and lower standard deviations compared with conventional
(analog) sequencing approaches (5% vs. 5e20%) (Masser
et al., 2013). A sequencing depth of approximately 1000�
is sufficient for precise measurement of the DNA methyl-
ation levels and increasing sequencing depth does not
further improve accuracy. However, accuracy is already
high (>99%) if only regions with a reasonable amount of
coverage (i.e., >50�) are used for base calling and quan-
titative determination. Up to 96 samples analyzing multiple
regions of interest can be analyzed in parallel using con-
ventional multiplexing strategies such as (dual) indexing.
The shift of several vendors from six base indexes to eight
base indexes will further increase multiplexing capabilities.
Of note, the MiSeq already exists in a version certified for
diagnostics, which potentially allows the analysis of DNA
methylation-based biomarkers in a clinical setting.
Specialized bioinformatics pipelines provided with the in-
struments or freely available pipelines as Bismark (Krueger
and Andrews, 2011) or BiQ-Analyzer (Lutsik et al., 2011)
enable convenient and standardized analysis of the
sequencing results including the demultiplexing of in-
dividuals, alignment to target regions, and estimation of the
DNA methylation degree allowing the analysis of DNA
methylation in target regions without the end user needing
great bioinformatics expertise.

Ion Torrent’s PGM sequencer has also been used for
locus-specific DNA methylation analysis (Nones et al.,
2014); this technology has been employed to sequence the
methylation patterns of candidate genes in circulating cell-
free DNA (Vaca-Paniagua et al., 2015).

7.3.4.3 Pyrosequencing
One method that has received much attention for the
simultaneous analysis and quantification of the methylation
degree of several CpG positions in close proximity is
Pyrosequencing� (Uhlmann et al., 2002; Colella et al.,
2003; Tost et al., 2003a; Dupont et al., 2004; Tost and Gut,
2007). Pyrosequencing technology, in contrast to conven-
tional Sanger sequencing, is based on sequencing by syn-
thesis. A single nucleotide is added to a primer hybridized
to a template strand and its incorporation is monitored by
the luminometric detection of pyrophosphate that is
released upon nucleotide incorporation and converted into a
light signal by a cascade consisting of three enzymes
(Ronaghi et al., 1998). Remaining nucleotides are degraded
by the fourth enzyme, an apyrase, enabling the cyclic
dispensation of nucleotides in a predefined order. One
major strength of the technology is the quantitative nature
of the results. The bioluminometric response is linear
(R2 > 0.99) for the sequential addition of up to five iden-
tical nucleotides (C, G, and T) or three deoxyadenosine
50(a-thio)triphosphate. Pyrosequencing is therefore ideally
suited for DNA methylation analysis after bisulfite treat-
ment because it combines the ability of direct quantitative
sequencing, reproducibility, speed, and ease of use (Tost
and Gut, 2007). Information about an entire amplified re-
gion can be obtained by repeated stripping of the de novo
synthesized strand from the template and hybridization of
new sequencing primers (serial pyrosequencing) (Tost
et al., 2006). Pyrosequencing provides quantitative infor-
mation about the methylation status of all CpG positions in
a sequence of interest and is therefore contrast with
methylation-specific PCR (MSP) methods, which are also
ideally suited for the analysis of regions displaying het-
erogeneous methylation levels. Another advantage of
pyrosequencing compared with fluorescent (real-time) MSP
methods is the detection of the sequence surrounding the
polymorphic CpG positions instead of a fluorescent signal,
which does not contain direct information about the actual
amplified target. It also permits the detection of SNPs
present in the bisulfite-treated sequence. Besides several
studies on genes aberrantly silenced by promoter hyper-
methylation in cancer (Fig. 7.6), pyrosequencing has
become the most widely used method and reference tech-
nology for quantitative DNA methylation analysis at
single-nucleotide resolution to detect small changes in
DNA methylation resulting from different environments,
for example (Michel et al., 2013; Martinez et al., 2014).

7.3.4.4 Matrix-Assisted Laser Desorption/
IonizationeMass Spectrometry-Based
Sequencing

An alternative method for sequencing PCR products
amplified from bisulfite-treated DNA uses matrix-assisted
laser desorption/ionization (MALDI)etime-of-flight mass
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spectrometry, for which fragile biomolecules are mixed
with a matrix of small organic molecules absorbing most of
the energy of the laser, which is used to volatilize the an-
alyte and transfer part of it onto the analyte. MALDI has
been proven useful for the complex analysis of nucleic
acids such as human leukocyte antigen typing, haplotyping,
gene expression, and DNA methylation analysis and tissue
imaging (Tost and Gut, 2006). Because the direct analysis
of DNA in a MALDI mass spectrometer is associated with
some problems (Tost and Gut, 2002), bisulfite-treated DNA
is transcribed into RNA, which is subsequently cleaved
base-specifically using a variety of RNAses (Schatz et al.,
2004; Ehrich et al., 2005). In Agena’s (formerly Seque-
nom’s) MassCLEAVE protocol, a modified T7 polymerase
is used that does not discriminate between ribonucleotides
and deoxyribonucleotides (Ehrich et al., 2005). Transcrip-
tion is carried out with three ribonucleotides, and either
cytidine triphosphate or uridine triphosphate is replaced by
the respective noncleavable deoxynucleotide. RNAse A is
used for the subsequent C- or U-specific cleavage. CpGs
that are methylated differentially between two samples in
the amplified region can be identified by shifts in the peak
patterns resulting from the mass difference in a CpG
dinucleotide containing cleavage product or the presence or
absence of a peak corresponding to a certain fragment,
respectively. The use of universal reverse transcription

primers makes these procedures suitable for high-
throughput applications with high quantitative resolution,
as demonstrated on the analysis of more than 400 loci in 59
cancer cell lines (Ehrich et al., 2008). This approach can
also be used to determine allele-specific DNA methylation
patterns if SNPs are present within the analyzed fragment
(Coolen et al., 2007). Potential complications might arise,
however, if several fragments of the same mass are created
by the cleavage; therefore, peaks cannot be assigned
unambiguously. Compared with other techniques that are
able to achieve quantitative DNA methylation data on
consecutive CpGs in a region of interest, its quantitative
resolution of about 5% and a similar limit of detection for
the minor methylation allele fraction are rivaled only by
pyrosequencing (Tost and Gut, 2007) and these described
targeted bisulfite-sequencing approaches using NGS. Sys-
tematic evaluation of each step in the workflow showed that
most of the variability of the experiment was induced by
either the bisulfite treatment of the DNA or the subsequent
PCR amplification, whereas the cleavage and the mass
spectrometric analyses contributed much less to the vari-
ability in the observed quantitative measurements (Coolen
et al., 2007; Ehrich et al., 2007). In more than 90% of the
tested samples, a methylation difference of 10% was suc-
cessfully detected with the mass spectrometric assay
(Coolen et al., 2007). The procedure is also amenable to the

FIGURE 7.6 Pyrograms of the promoter region of the mismatch repair gene MLH1, which is commonly inactivated in microsatellite-instable colorectal
cancer by promoter hypermethylation. Top: DNA extracted from the tumor. Bottom: DNA extracted from distant peritumoral tissue of the same patient.
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analysis of DNA extracted from fresh-frozen and FFPE
tissues (Radpour et al., 2009).

The EpiTYPER is one of the most widely used methods
for the analysis of gene-specific DNA methylation patterns
and has been applied to the large-scale analysis of DNA
methylation patterns in cancer (Radpour et al., 2009).
Because of its high-throughput capacity measuring 96e384
PCR products in parallel, it is also one of the most widely
used methods for the validation of DNA methylation
variation with specific phenotypes identified in epigenome-
wide association studies (Zeilinger et al., 2013; Tobi et al.,
2014; Zhang et al., 2014).

7.3.5 Analysis of Individual CpG Positions

7.3.5.1 Restriction Enzyme-Based Analysis of
Single CpG Positions

Southern blotting is a simple and inexpensive procedure for
analyzing methylation status at specific CpGs by digesting
genomic DNA with MS restriction enzymes and subsequent
Southern analysis (Bird and Southern, 1978). This approach
enabled some of the most intriguing findings at the beginning
of DNA methylation research, such as the genome-wide
hypomethylation of human cancers (Feinberg and Vogel-
stein, 1983). It provides authentic information about the
methylation status of a CpG in an enzymatic recognition
sequence because it does not rely on PCR amplification.
However the trade-off is that a large amount of DNA (several
micrograms) is required and it is not well-suited for a het-
erogeneous population of methylated molecules that might
occur, for example, in cancerous tissues. Exponential ampli-
fication by PCR amplification after MS restriction digestion is
an alternative that requires substantially less DNA and no
prior bisulfite conversion treatment, which makes it well-
suited as a rapid screening tool for differential methylation
(Singer-Sam et al., 1990). Multiple targets can be analyzed
simultaneously by locus-specific multiplex PCR after MS
restriction digest of genomic DNA (Melnikov et al., 2005).
Additional information on the methylation status of a target
region can be achieved by digesting the DNA with either MS
restriction enzymes or methylation-dependent enzymes such
as McrBC, which distinguishes complete methylation, partial
methylation, and the absence of methylation in the sequence
(Yamada et al., 2004). Quantification can be improved by
monitoring the increase in fluorescence by quantitative real-
time PCR with the intercalating dye SYBR Green (Bastian
et al., 2005; Oakes et al., 2006). Combined with microfluidic
preparation of the PCR products, this method allows the
analysis of a large number of target sequences from a limited
amount of starting DNA (Wielscher et al., 2015). Complete
digestion of methylated DNA is ensured by overdigestion of
the DNA, a combination of several restriction enzymes, as
well as the requirement of two or preferably three restriction

sites within the target sequence to minimize false-positive
results resulting from incomplete digestion.

A method that has attracted a lot of interest for diagnostic
applications is MS multiplex ligation-dependent amplification
(Nygren et al., 2005). Initially devised for the analysis of copy
number alterations, this technique has been useful for the
parallel analysis of up to 40 loci for comprehensive analysis of
all possible variations of DNA methylation aberrations in
imprinting disorders (Dikow et al., 2007; Priolo et al., 2008),
the combined analysis of genetic and epigenetic alterations in
imprinting disorders (Scott et al., 2008), and tumor analysis
(Berkhout et al., 2007). Two oligonucleotides with universal
primer binding sites are annealed to a target region and ligated
in the case of complete target complementarity. An MS
enzyme is added to the ligation reaction, digesting unmethy-
lated templates and reducing the amount of ligated product. A
semiquantitative readout is then performed using capillary
electrophoresis.

Another method for the rapid screening of samples re-
lies on the creation of new restriction enzyme recognition
sites through bisulfite treatment. Bisulfite-converted DNA
samples are PCR-amplified after restriction digestion and
methylation is analyzed through the presence or absence of
bands on an agarose gel (Sadri and Hornsby, 1996). The
quantitative accuracy of the assay can be improved when
analysis is carried out by polyacrylamide gel electropho-
resis with subsequent electroblotting, hybridization with
labeled oligonucleotides, and quantitation using a phos-
phoimager [combined bisulfite restriction analysis (CO-
BRA)] (Xiong and Laird, 1997). Although simple and
inexpensive, COBRA becomes labor intensive when
quantitation is required. The latter point has been greatly
improved by implementation of the Agilent Bioanalyzer as
a detection platform (Brena et al., 2006). The Bioanalyzer
separates and quantifies DNA fragments via electrophoresis
in microfluidic chips for the direct quantitative visualization
of restriction products created by COBRA.

7.3.5.2 Methylation-Sensitive Single-
Nucleotide Primer Extension Assays

The methylation degree at given CpG positions is man-
ifested by the ratio C (former methylated cytosine) to T
(former nonmethylated cytosine) after bisulfite treatment
and can be analyzed as a virtual C/T polymorphism after a
strand-specific PCR. Therefore, quantitative and accurate
information about individual methylation-variable positions
can be obtained by MS single-nucleotide primer extension
(MS-SNuPE). A PCR template is generated irrespective of
the methylation status of the target region; internal primers
are hybridized to the target sequence and terminate
immediately 50 of the CpG position to be assayed. Exten-
sion is carried out with (labeled) terminating dideox-
ynucleotides. Analysis of individual CpG positions requires
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prior knowledge of which CpG positions are of interest
because CpG islands can contain hundreds of CpGs, for
example. However, once these positions are known,
methods based on primer extension are well-suited to high-
throughput analysis of a few CpGs in large sample cohorts,
enabling epigenetic analyses on an epidemiologic scale.
The close proximity of potentially polymorphic positions in
CpG-rich regions such as CpG islands complicates the
design of SNuPE assays irrespective of the detection plat-
form used, because this might cause preferential annealing
of the primers to a subpopulation of methylated molecules
displaying a specific methylation pattern. A variety of
detection platforms have been combined with MS-SNuPE
(Table 7.2). Mass spectrometryebased assays (Tost et al.,
2003a; Ragoussis et al., 2006) permit higher levels of
multiplexing and were applied in a multiplexed form as a
reference method for verification and quantitative fine
typing of the results obtained by direct BS-seq for the pilot
study Human Epigenome Project (Rakyan et al., 2004).
However, they require more sophisticated instrumentation
in contrast to capillary electrophoresisebased methods
such as MS-SNaPshot (Uhlmann et al., 2002; Kaminsky
et al., 2005).

7.3.6 Methylation-Specific Polymerase
Chain Reaction and Real-Time Polymerase
Chain Reaction Methods

DNA methylation has received a lot of attention because of
its potential as a stable and amplifiable biomarker for early
diagnosis, prognosis, or response to treatment in various
types of cancer (How-Kit et al., 2012). Biomarkers capable
of distinguishing cancerous cells from normal ones must be
specific, sensitive, and detectable in specimens obtained
through minimally invasive procedures to be clinically
applicable. MSP (Herman et al., 1996) and methylation-
specific real-time PCR-based methods such as MethyL-
ight (Eads et al., 2000a), HeavyMethyl (Cottrell et al.,
2004) or quantitative analysis of methylated alleles
(QAMA) (Zeschnigk et al., 2004) have been proven to be
very well-suited for detecting cancer-specific methylation
patterns in primary tumor tissues and, more important, for
detecting low levels of methylation in circulating DNA
(Fig. 7.7). Tumor-derived methylated DNA molecules can
be found in various body fluids such as urine, sputum, and
serum or plasma of patients with cancer. Detection and
monitoring of these methylated molecules in the presence
of an excess of normal (and usually unmethylated) DNA
can be achieved with various approaches, as described
subsequently. Because the amplicons of the different MSP
variants are small (approximately 100 bp), these methods
usually work well with DNA of lower quality, such as
DNA extracted from FFPE samples (Herman et al., 1996).

The similarity of the approaches described in the following
sections to real-time expression analysis facilitates imple-
mentation of the technology, execution of the experiments,
and interpretation of the results for laboratories not yet
familiar with DNA methylation analysis. The design of
assays and optimization of amplification are probably the
most important part to ensure specific amplification of the
desired locus. Sensitivity and specificity vary largely
among assays depending on primers (and probes in case of
techniques such as MethyLight) and conditions.

7.3.6.1 Methylation-Specific Polymerase
Chain Reaction

MSP allows the amplification of virtually any CpG sites
after bisulfite treatment with three pairs of primers, com-
plementary to the former methylated sequences, the former
unmethylated sequences, or genomic, unconverted DNA,
respectively (Fig. 7.7) (Herman et al., 1996). The latter
serves as a control for complete bisulfite conversion.
Primers need to hybridize to sequences with at least two
methylation variable positions (CpGs) to obtain the
necessary specificity for selective amplification. The pres-
ence or absence of an amplification product analyzed on a
conventional agarose gel reveals the methylation status of
the CpGs underlying the amplification primers. It was one
of the most widely used technologies for DNA methylation
analysis because it does require no expensive instrumen-
tation and a large number of samples can be rapidly
assessed. The main advantage of MSP is the high sensi-
tivity, which enables the detection of one allele in the
presence of a thousand-fold excess of the other (Herman
et al., 1996). It permits the detection of methylation at high
throughput, but this is limited to the primer binding sites.
The detection limit can be further decreased by fluorescent
labeling of one of the MSP-primers and analysis of the
amplification product on a sequencer (Fig. 7.7) (Goessl
et al., 2000). MSP is well-suited for the rapid and sensitive
detection of methylation patterns at specific sequences, but
it does not provide resolution at the individual nucleotide
level, and heterogeneous methylation patterns at the primer
binding sites can result in the failure of amplification.
Furthermore, biased amplification leads to a more qualita-
tive than quantitative result, which makes it difficult to
distinguish different degrees of methylation at the target
sites. An additional major drawback of MSP is the gel-
based detection of the amplification products. Although it
is acceptable for use in a research laboratory, diagnostics in
a clinical setting require homogeneous high-throughput
assays such as the fluorescent real-time MSP approaches
described next (Cottrell and Laird, 2003).

Most real-time PCR-based methods use the same prin-
ciple as the TaqMan assay (Holland et al., 1991). In addi-
tion to the two amplification primers, a third
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TABLE 7.2 Single-Nucleotide Primer Extension Methods for Analysis of Individual CpG Positions After Bisulfite Treatment

Method

Label of

Dideoxynucleotides Separation Detection Platform Multiplexing Level Comment References

Methylation-
sensitive-single-
nucleotide primer
extension (SNuPE)

Radioactive Polyacrylamide gel
electrophoresis

Phosphoimager 3e5 (primers
differing in length)

Accurate but labor-
intensive. Two reac-
tions required for
quantification

Gonzalgo and
Jones (1997,
2002)

SNuPE immunopre-
cipitation reverse-
phase
high-performance
liquid chromatog-
raphy (HPLC)

None Mass and hydrophobicity Ion-pair reverse-phase
HPLC

3 (non complemen-
tary tails at the 50-
end)

Medium-throughput El-Maarri et al.
(2002)

MethylQuant None Allele-specific primer
extension with locked
nucleic acid modified
primers

Real-time thermocycler No Easy to implement,
readily available
instrumentation, high-
throughput but two
separate reactions for
methylated and unme-
thylated allele

Thomassin
et al. (2004)

GOOD assay None Mass Matrix-assisted laser
desorption (MALDI)/
ionization mass
spectrometry

3e5 (different
masses)

High-throughput, sim-
ple mass spectrometric
signatures

Tost et al.
(2003a)

SNaPshot Fluorescence Capillary electrophoresis Capillary
electrophoresis

3 (noncomplemen-
tary tails at the 50-
end)

Medium-throughput,
instrumentation avail-
able in many
laboratories

Uhlmann et al.
(2002) and
Kaminsky et al.
(2005)

Iplex None Mass MALDI mass
spectrometry

Up to 27 High-throughput Ragoussis et al.
(2006)

1
2
4

M
o
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oligonucleotide called probe, which is dually labeled with a
fluorescent reporter (e.g., FAM) and a quencher dye
(e.g., TAMRA), hybridizes to a target sequence in the
amplified region. The technology uses Förster resonance
energy transfer: If the probe is fully complementary to the
amplified sequence, the probe is cleaved by the 50 > 30

exonucleolytic activity of Taq polymerase during the
extension phase of the amplification, which results in
spatial separation of the two dyes and a fluorescent signal
proportional to the amount of PCR product generated.
Real-time quantitative PCR thereby enables the non-
isotopic, rapid, and accurate quantitative analysis over a
large dynamic range of several CpG positions in a small
target region. The addition of a third probe that has to
anneal correctly to the synthesized template improves
sensitivity as well as specificity compared with conven-
tional MSP, with the drawback that expensive hybridization
probes are required. The simple, one-step procedure makes
real-time methylation-specific PCRs rapid high-throughput
assays for quantitative DNA methylation analysis that are
robust and resistant to carryover contamination. These ap-
proaches provide information if molecules with a certain
methylation pattern are present in the sample, such as
conventional MSP, and also report on how many of them
exist. Discrimination between methylated and unmethy-
lated alleles is achieved at different levels of the primers
and/or the hybridization probe (Eads et al., 2000a).
Although in principle primers and probes could be designed
for different combinations of methylated and unmethylated
alleles, the most widely employed approaches such as
MethyLight use primers and probes that are specific for the

same methylation patterns, mostly completely methylated
molecules. Heterogeneous methylation patterns that display
large variations among consecutive CpGs complementary
to primers or probe will therefore probably lead to failure of
the assay or biased quantitative results.

7.3.6.2 MethyLight

MethyLight can detect a single hypermethylated allele against a
background of 10,000 unmethylated alleles (Fig. 7.7) (Lo et al.,
1999; Eads et al., 2000a). Absolute quantification of the number
of molecules corresponding to the investigated pattern of
methylation is calculated by the ratio between the gene of interest
and a reference gene: for example, the b-actin gene. The per-
centage of fully methylated molecules (Fig. 7.7) [percentage of
fully methylated reference (PMR)] is calculated by dividing the
gene to reference ratio by the gene to completely
methylated reference ratio (which is obtainedbySssI treatment of
the normally unmethylated reference) and multiplying by 100
(Eads et al., 2000a). In a step-by-step technical evaluation,
MethyLight displayed a high level of precision and
reproducibility with an average variation of about 0.8 PMR
(0.8%), with slightly larger variations induced by different
bisulfite treatments (Ogino et al., 2006). The addition of an
additional probe marked with a different fluorescent dye allows
for the simultaneous detection of unconverted sequences that
might coamplifywith thebisulfite convertedmolecules, avoiding
potential false-positive results (ConLight) (Rand et al., 2002).

In a variation of this approach, bisulfite-treated DNA was
amplified independent of the methylation status in a first
round of amplification (Fackler et al., 2004). This reaction

FIGURE 7.7 Real-time polymerase chain reaction (PCR) methods for the sensitive detection of DNA methylation in, for example, body fluids. For
simplification, only amplification with a primer complementary to a completely methylated allele is shown. PMR indicates the percentage of methylated
allele, a completely methylated DNA standard that is used to calculate the percentage of methylation contained within a sample. All methods use sodium
bisulfite treatment before PCR amplification. CpGs are depicted as lollipops; former unmethylated CpGs are shown as open lollipops whereas filled ones
correspond to former methylated CpGs. Although methylation is retained as a sequence difference after bisulfite treatment, lollipops are shown for easier
differentiation of the alleles. Details of the different techniques are given in the text. MSP, methylation-specific polymerase chain reaction.
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can be performed in multiplex, amplifying several target
regions in a single reaction. In a nested PCR approach
specifically methylated or unmethylated molecules are
amplified in two separate reactions using the fluorescent
real-time approach described earlier. This is in contrast to
MethyLight, in which normally only the methylated mole-
cules are interrogated (Weisenberger et al., 2006). Quanti-
fication of the percentage of methylation is performed by
dividing the intensity of fluorescence corresponding to the
methylated primer set to the added intensities of both sets,
which yields results comparable to the reference gene
approach. However, multiplex reactions might be difficult to
set up on bisulfite-converted DNA with its low sequence
diversity, and the equal amplification of methylated and
unmethylated molecules (absence of a PCR bias) is a pre-
requisite for accurate quantification. Furthermore, partially
methylated molecules are not taken into account, potentially
overestimating the methylation content.

7.3.6.3 Quantitative Analysis of Methylated
Alleles

QAMA is a variation of MethyLight that uses a TaqMan
probe conjugated to a minor groove binder for discrimi-
nation at single-base resolution by forming hyperstabilized
duplexes with complementary DNAs (Zeschnigk et al.,
2004). Methylated and unmethylated alleles are simulta-
neously quantified using two probes modified with a
quencher, a minor groove binder, and one of two
fluorophores, VIC or FAM. Thus, amplification of bisulfite-
treated DNA can be carried out with primers
simultaneously amplifying formerly methylated and
unmethylated alleles, and differentiation of the methylation
status of alleles is achieved only at the probe level.

7.3.6.4 HeavyMethyl and Headloop
Polymerase Chain Reaction

HeavyMethyl further increases sensitivity and specificity of
real-time PCR-based assays for the analysis of DNA
methylation using methylation-dependent blocking oligo-
nucleotides (Fig. 7.7) (Cottrell et al., 2004). A similar
approach was used successfully to detect genetic mutations
diluted in an excess of normal DNA (Sun et al., 2002). In
contrast to MethyLight, amplification primers are not spe-
cific for a certain methylation pattern but are positioned in
sequence stretches containing no CpG positions. Only the
fluorescent probe is specific, usually to consistently hyper-
methylated sequences. The increased specificity, and
sensitivity is achieved through a second pair of non-
extendable (30-phosphorylated) oligonucleotides that hy-
bridize specifically to a methylation pattern opposite the one
investigated, usually the unmethylated sequence. The
annealing sites of these oligonucleotides overlap with the

target sequences for PCR amplification and thereby effi-
ciently block any amplification of the bisulfite sequence
corresponding to the undesired methylation pattern. Heav-
yMethyl was able to detect 25 pg of in vitro methylated
DNA specifically in the background of 400 ng of unme-
thylated DNA (relative sensitivity up to 1:8000). As for
MethyLight, a PMR standard is used to identify samples
with negligible amounts of methylation. The use of four to
five different oligonucleotides contributes significantly to
the cost of the assay and design might be more complex
compared with conventional MSP or MethyLight. However,
HeavyMethyl shows the sensitivity and specificity neces-
sary for clinical applications and might be a useful alter-
native for situations in which other real-time base
methylation assays reach their limits. Of note, HeavyMethyl
is the underlying technology for the Epi proColon test,
analyzing methylation in the SEPT9 gene (Church et al.,
2014) and the Epi proLung (SHOX2) test (Ilse et al., 2014).

An alternative but similar approach uses amplification
primers specific for a target after bisulfite treatment that carry
a 50-tail sequence complementary to a sequence present in the
amplicon corresponding to a specific methylation pattern
(Fig. 7.7) (Rand et al., 2005). After incorporation of the
primer in the synthesized PCR product, the tail folds back
onto the template, creating a secondary structure refractory to
amplification. For example, if the tail is complementary to an
unmethylated sequence, only methylated molecules are
amplified. The amplification is monitored in real time with
SYBR Green or by TaqMan probes. Sensitivity of the
approach is similar to the others described earlier detecting a
methylated allele in the presence of a 4000-fold excess of
unmethylated ones. Therefore, this approach is well-suited to
the selective amplification of tumor-derived methylated mol-
ecules in body fluids.

7.4 SINGLE-CELL DNA METHYLATION
ANALYSIS

It has become clear that increasing the resolution of
observing biological systems requires investigating indi-
vidual cells as part of one cell type or according to their
behavior as part of a group of cells in context. Working
with single cells as part of a cell type requires the capture of
individual cells. This is efficiently achieved with state-of-
the-art cell isolation techniques. Initial -omics work on
single cells focused on RNA analysis, and there has been an
explosion of activity into the analysis of DNA methylation
at the single-cell level. Sample preparation techniques for
DNA methylation have been combined with multiplex as-
says using the single-cell restriction analysis of methylation
assay, which applies methylation-sensitive restriction en-
zymes after single-cell isolation and lysis, and locus-
specific qPCR on a Fluidigm Biomark system, which
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allows the interrogation of 24 genomic positions in 48
single cells in one experiment (Lorthongpanich et al., 2013;
Cheow et al., 2015). A single-cell DNA methylation anal-
ysis method that combines bisulfite conversion with Sanger
sequencing and Agena’s Epityper also allows cost-effective
analysis of a larger number of single cells (Gravina et al.,
2015).

Techniques combining single-cell analysis with NGS
have become a major target. Apart from technical chal-
lenges, the main issue with single-cell analysis is the
number of cells that need to be analyzed to obtain a
representative picture of the biology and the amount of
sequencing that can be afforded per cell. A balance needs to
be struck between these two elements. Single-cell WGBS
has been demonstrated (Smallwood et al., 2014). However,
this approach recovers only 48.4% of all CpG positions of
each cell analyzed. This means that far more cells need to
be included to capture subpopulations and large over-
sampling is necessary. On the other hand, it allows
non-CpG methylation to be captured. An alternative to
preparing libraries for sequencing from individual cells is to
generate pools of a small, defined number of cells,
sequence each pool, and then use computational methods to
deconvolute cell states as a result of the distortion in
methylation detected between pools (Farlik et al., 2015).
RRBS has been joined with single cells and is a good match
in terms of genomic coverage, suitability with low input,
and reduction in target size (Guo et al., 2013, 2015). It also
allows quantitative analysis of differential DNA methyl-
ation (Wang et al., 2015).

7.5 CONCLUSIONS

DNA methylation analysis will undoubtedly have a key
role in the diagnosis, prognostic assessment, and treatment
of various diseases. A multitude of epigenetic markers have
been discovered. However, for most complex diseases
except perhaps cancer, we have only scratched the surface.
A large increase in the number of identified epigenetic
changes will be seen over the next few years, together with
a rapid increase in publicly available genome-wide
mammalian epigenome maps. Technology has been
developed at a breathtaking speed and many companies
now provide easy-to-implement assays and reproducible
protocols for bisulfite treatment. With the technology
available, research is shifting from gene-centered study to
genome-wide analyses and cell-specific resolution even
down to single cells.

One of the most important tasks is to validate known
biomarkers in larger cohorts, because most studies have
analyzed tens of samples instead of the hundreds or thou-
sands required to confirm the utility of a biomarker defi-
nitely. The discovery of viable markers will crucially
depend on access to correctly characterized and classified

biological material. Another task is to translate the
knowledge on epigenetic changes and their correlation with
pathophysiologic parameters into clinical practice. The
sensitive and specific detection of tumor-specific DNA
methylation patterns at distal sites makes DNA methylation
a biomarker of choice for the clinical management of pa-
tients, and predictive epigenetic biomarkers will allow a
personalized treatment of disease based on the individual
methylation profile.
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8.1 INTRODUCTION

In the past few years (Ansorge, 2009, 2010), DNA
sequencing techniques and their applications in the di-
agnostics field have made significant progress. The in-
novations are reflected particularly in higher throughput
and lower cost per base, e.g., on Illumina and Ion Torrent
systems, or the single-molecule real-time sequencing ap-
proaches of Pacific Bioscience and Oxford Nanopore. The
human genome sequence has complemented the under-
standing of biology, human diversity, and disease. Ad-
vances in DNA sequencing technologies over the past
decade or so have made possible the transition from the first
human genome sequences to personal genomes and
genomic medicine. Next-generation sequencing (NGS)
uses massively parallel sequencing to generate up to several
gigabases of sequence information per day, making
possible new applications that were previously difficult to
perform. The technique has spread to almost all fields
concerning DNA: food control, screening of the purity of
vaccines and other medications (detection of traces of the
active viral components and nonactive viral particles),
evolution of organisms, analysis of fetus DNA from the
mother’s blood, the forensic field, and others.

Several reviews have described the historical develop-
ment of the field (Ansorge, 2009, 2010). Here, we focus on
the status of the technology in the second half of 2015, both
of novel commercially available platforms and of systems
in development. Techniques are discussed that have the
potential for future DNA sequencing techniques, as well as
some of the unsolved challenges for the platforms, the price
to performance ratio, the complexity of sample preparation,
and the detection of structural variations in genome. In the
past few years rapidly developing technologies and

methods have permitted analysis of the genome and tran-
scriptome of a single cell. The first observations suggest
that both genomic and transcriptomic heterogeneities
within an organism are more common than expected during
normal development and disease.

The diagnostics field has already profited from new
generations of DNA sequencing technology, sample prep-
aration, single-cell isolation techniques, DNA amplification
schemes, and computer data analysis with improving soft-
ware tools. The applications resulted in better understand-
ing of causes of disease and elucidation of reasons why a
drug efficiently treats a disease in some persons whereas the
treatment is unsuccessful in others with the same disease.
Recent public support for precision medicine, novel ther-
apeutic approaches, and efforts for improvements in health
care will be motivations for further innovations and de-
velopments in the field.

The aims for the technology will be to lower the cost
of the equipment and biochemicals involved, simulta-
neously increasing the reproducibility, reliability, and
simplicity of the techniques and protocols in operation.
The goal to be achieved, formulated in Ansorge (2009,
2010) is still valid despite the great progress in DNA
sequencing techniques since then. For genomic
sequencing, and for analysis of the ever more important
structural genetic variations in genomes [e.g., copy num-
ber variations (CNVs), for chromosomal translocations,
inversions, large deletions, insertions, and duplications], it
would be a great advantage if sequence read length on the
original single DNA molecule could be increased to tens
of thousands of bases and more in a relatively short time.
Ideally the goal would be the sequence determination of a
whole chromosome, from a single original DNA mole-
cule, from a single cell.
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8.2 COMMERCIALLY AVAILABLE
ANALYSIS PLATFORMS

So far (Ansorge, 2009, 2010), several new companies have
entered the NGS field (e.g., Oxford Nanopore, Genia,
GnuBIO); their devices are described in the following
sections.

Some companies limited the distribution of their sys-
tems or are no longer active in the market. The first was
Helicos, and although it was a pioneer in the field, its
revolutionary single molecule detection technique used in
the device was not yet mature enough and production
stopped. The technique was recently redesigned, and a
prototype of the new device called GenoCare was devel-
oped and presented in October 2015 by Direct Genomics
(see Section 3.3).The SOLiD system platform from Life
Sciences did not find decisive favor with users, possibly
because of the complex biochemical sample preparation,
high cost, and relatively short reading length, around 100
bases. Roche stopped production and distribution of the
pyrosequencing bioluminescence detection Gene
Sequencer because of its higher sequencing cost, which
was not competitive. It was originally developed by the 454
company as the first system from the Next Generation de-
vices on the market, and for several years it was applied
successfully in many projects. After the attempt to take
over Illumina, Roche initiated collaborations with
sequencing platforms of Pacific Biosystems and Genia
companies, discussed subsequently.

8.2.1 Illumina Platform

The company (www.illumina.com) successfully pushed its
technology, originally developed by Solexa (Ansorge,
2009, 2010), and continuously introduced novel devices for
very high throughput as well as smaller and more modestly
priced versions. At the same time, it improved the reading
length from the originally relatively short 50 bases to about
300 bases, improved the biochemistry of the sample prep-
aration several times, and reduced the sequencing cost
down to $0.001 per 1000 bases, which would not have been
expected a few years earlier.

The sequencing devices offer starts with the MiSeq
series, with speed and simplicity suitable for small ge-
nomes, amplicons, and targeted gene panel sequencing, and
it is also foreseen for applications in clinical research. The
system has one flow cell; the output ranges from 0.3 to
15 Gb, the number of reads per flow cell is 25 million, the
run time is 5e55 h, and the maximum read length is
2� 300 base pairs (bp).

The HiSeq series in the middle range is used for
sequencing of genomes, exomes, and transcriptomes. As an
example, the HiSeq 2500 device in the rapid mode has one
or two flow cells per run; the output range is 10e300 Gb,

the run time is 7e60 h; it results in 300 million reads per
flow cell, and the maximum read length is 2� 250 bp.

The HiSeq X series with very high throughput is used
on the production and population scale for whole-genome
sequencing. As an example, the HiSeq 4000 device has
one or two flow cells per run; the output range is
125e1500 Gb, the run time is 1e3.5 days, it has 2.5 mil-
liards (in the US, 2.5 billion) reads per flow cell, and the
maximum read length is 2� 150 bp.

The data flow resulting from the large sequencing
throughput and its analysis requires great effort on the part
of bioinformatics. One cause may be the still relatively
short reads obtainable with the technique.

There are many Illumina systems purchased by labo-
ratories worldwide. It is possible that the global sequencing
capacity is sufficiently large for current needs, so the next
wave of acquisitions may not grow as fast as the previous
one, taking into account the competing systems being
introduced into operation, as described subsequently.

The schema of operation, the numerous applications in
analysis of gene expression and genomes, relevant publi-
cations, collaborations, and operation protocols involving
the Illumina systems are listed at the website of the com-
pany (www.illumina.com). The opinion of users can be
found on the Genome website (www.genomeweb.com).

8.2.2 Ion Torrent: Thermo Fisher Scientific

Ion Torrent technology has been a continuation of the
original pyrosequencing technique, as explained, e.g., in
Ansorge (2009, 2010). In its original design, the 454
company detected the pyrophosphate group released during
the incorporation of a nucleotide in the complementary
strand during the DNA polymerization process. The current
Ion Torrent system detects Hþ ions, another product
released during DNA polymerization. The basic principle,
the detection of Hþ ions, has been licensed from DNA
Electronics in London. The technology combines semi-
conductor sequencing technology with biochemistry,
enabling the direct translation of chemical information into
digital sequence data. This eliminates the need for expen-
sive optics, lasers, and complex sequencing chemistries
with fluorescently labeled nucleotides. The result is a
sequencing system that is more affordable and cost-
effective, faster, scalable, and relatively simple to operate.

The Ion PGM System (depending on the chip used and
the application goals) can run up to 5.5 million reads, with
an output reaching 2 Gb, a reading length up to 400 bases,
and a run time between 2 and 7 h.

The Ion Proton System has been designed for high-
throughput sequencing of exomes, transcriptomes, and
genomes. With the Ion PI Chip, the throughput is up to
10 Gb, the number of reads is up to 80 million, the read
length is 200 bases, and the run time is 2e4 h. It has
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applications in the sequencing of genes, human genomes,
de novo sequencing, chromatin immunoprecipitation tech-
nique, whole transcriptomes, exomes, methylation analysis,
gene expression by sequencing, small genomes, and small
RNAs.

The next-generation sequencing devices Ion S5 and Ion
S5 XL are being introduced for a simple and rapid work-
flow for panels, microbes, exomes, and transcriptomes, and
are applicable both for high and low weekly throughput.
Output with the Ion 540 Chip is up to 15 Gb (about half
with reads of 400 bases); the number of reads is up to
80 millions, and the run time is 2.5e5 h (for reads of 200 or
400 bases). The claim is that only 10 ng of low-quality
DNA or RNA is needed to generate mutational or gene
expression profiles. Target selection is fast and simple us-
ing Ion AmpliSeq panels, also requiring only as little as
10 ng of input material. Ion Torrent systems have simpli-
fied NGS data analysis with end-to-end bioinformatics so-
lutions, including the Ion Reporter Software and server.
Operating software and Plugins are available for analysis of
genome sequencing, targeted sequencing, variant analysis
and annotation, microbial sequencing, transfer to third-
party bioinformatics packages, and more.

Because of their affordable price and simplicity of
operation, Ion Torrent systems are used worldwide in many
projects. The schema of operation and list of publications
and collaborations using this system are obtainable from
the company Web page (www.thermofisher.com). Opin-
ions of users can be found on the Genome website (www.
genomeweb.com).

8.2.3 Pacific Biosystems

Pacific Biosystems has been developing single-molecule
real-time (SMRT) technology for many years. As the
technology improved continuously over the years it suc-
cessfully attracted an increasing number of users. The
PacBio Sequencing System may provide very high amount
of genetic information through exceptionally long
sequencing reads (average of >10,000 bp) and high-
consensus accuracy.

The basic principle of the technology, explained in
www.pacbio.com, is detection of the fluorescently labeled
nucleotide as it is being incorporated in the complementary
strand of the single molecule by the DNA polymerase. In
the moment of incorporation the fluorescent label specific
for the base is detected, while the polymerase simulta-
neously cuts off the label from the nucleotide. The process
is repeated for the next labeled nucleotide, and from the
order of the four different labels detected is successively
determined the base sequence. The process takes place in
zero-mode waveguide (ZMW) chambers. Within the
ZMWs, a single molecule of polymerase is immobilized
and fluorescently labeled nucleotide is added so that DNA

sequencing can be observed optically and recorded in real
time.

In the first PacBio RS II system the SMRT cell con-
tains 150,000 ZMWs, with a throughput of 1 Gb per SMRT
cell. It has high-performance optics, automated liquid
handling, SMRT cells and reagents, instrument control
software, a run time from 30 min to 6 h per SMRT cell, and
a run size from 1 to 16 SMRT cells per run. With this
established technology, there are over 850 scientific pub-
lications in a variety of research areas such as human
biomedical research, plant and animal genomics, and
microbiology. The PacBio RS II has been applied to whole-
genome sequencing of small genomes, targeted sequencing,
complex population analysis, RNA sequencing of targeted
transcripts, and microbial epigenetics.

In autumn 2015, Pacific Biosciences launched a new
Sequel single-molecule sequencing system that offers
higher throughput and costs at about half the price of the
original RS II device. PacBio developed the Sequel as part
of its collaboration with Roche to develop a clinical-grade
sequencing system for diagnostic purposes. The device for
the Roche sequencing instrument is expected to be
launched in 2016 for clinical research, and later as an
in vitro diagnostics instrument. The Sequel system features
redesigned SMRT cells, each of which contains 1 million
ZMWs, compared with the 150,000 ZMWs in the RS II
device. The increased number of ZMWs per SMRT cell
enables an approximately sevenfold improvement in
throughput, so the total will range between 5 and 10 Gb and
the system has an average read length between 8 and 12 kb.
Like the RS II, the Sequel can run between 1 and 16 SMRT
cells per run. Sample preparation will be the same on both
instruments, taking around 6 h to prepare a library. The
chemistry is the same as in the RS II; therefore the
consensus accuracy will be the same. The Sequel is
equipped with improved optics with a computer system that
processes more data. It supports all applications that were
used in the RS II device, including transcript and base
modification analysis.

Although the consumables cost per SMRT cell will
increase for the Sequel (to around $700 from about $250
for the RS II), scientists will obtain sevenfold improvement
in overall throughput. Assuming 7 Gb of data per SMRT
cell, PacBio estimates that sequencing a human genome at
10� coverage [which should be deep enough to do struc-
tural variant (SV) analysis] would cost around $3000. A
30� human genome would cost around $10,000 and a 30�
human genome would cost $15,000. (For comparison, in
the previous RS II system the SMRT cell contains 150,000
ZMWs, with a throughput of 1 Gb per SMRT cell, a 30�
human genome would cost around $22,500 whereas a 50�
genome would cost $37,500.)

The price to sequence a human genome on the Sequel
will be still higher compared with sequencing on the
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Illumina, but the cost for computer and analysis time may be
lower owing to longer reads and may result in easier as-
sembly. With its long reads, it will be used in projects for
rapid and cost-effective generation of whole-genome de
novo assemblies, particularly of plant genomes, or in pro-
jects analyzing hard-to-sequence regions of the human
genome. The diagnostic instrument (in operation in 2016,
with Roche collaboration) is planned for the clinical market.

Schema of operation, the numerous applications in
analysis of genes and genomes, relevant publications, col-
laborations, and operation protocols involving the PacBio
system are listed on the website of the company (www.
pacbio.com). Opinions of users and the latest news can
be found on the Genome website (www.genomeweb.com).

8.2.4 Complete Genomics and BGI

Complete Genomics, founded in 2006, plans to become one
of the leaders in whole-human genome sequencing. Its
technology (Drmanac et al., 2010) is based on shearing
human DNA into pieces about 400 bases long, then using
rolling circle amplification to produce so-called nanoballs,
which are then spotted on a patterned substrate. The
patterned substrate with nanoballs is subsequently exposed
to a repeated proprietary hybridization technique by liga-
tion with fluorescent labeled probes. The base sequence is
determined from the fluorescence signals resulting from the
repeated hybridization on the nanoballs. The company has
developed for its technique the sequencing instruments,
chemistry, and software. Complete genomics has
sequenced more than 20,000 whole human genomes over
5 years. In a study published in Nature (Brock et al., 2012),
Complete Genomics demonstrated its long fragment read
technology, which enables whole-genome sequencing and
haplotyping from 10 to 20 cells with an error rate of 1 in 10
million bases, which it hopes would enable truly clinical-
grade genomes.

In March 2013, Complete Genomics was acquired by
BGI-Shenzhen, the world’s largest genomics services
company, with headquarters in Shenzhen, China. It provides
comprehensive sequencing and bioinformatics services for
commercial science, medical, agricultural, and environ-
mental applications, and collaborates globally in many
projects with leading research institutions. Before acquisi-
tion by BGI, Complete Genomics was focused on selling
whole-genome sequencing services to over 150 research
customers. It now focuses on building a new generation of
high-throughput sequencing technology for clinical and
consumer applications. In 2015, Complete Genomics pro-
duced and introduced theRevolocity system, the end-to-end
genomics system for large-scale genomes. The Revolocity
system will use a 300-base insert and mate pair sequencing
of 28 bases from each end of the insert. The older technology
with the four-adaptor construction had mate pair reads of 35

bases (Drmanac et al., 2010). The remainder of the
sequencing technology is the same. DNA nanoballs are
formed from the circular pieces of DNA and deposited onto
patterned silicon arrays and sequenced by ligation.

Revolocity enables 96% of the genome to be covered
with an error rate of about 10�6. The system will initially
be applied to exome and whole-genome sequencing but the
company plans to develop other applications such as RNA
sequencing.

In October 2015, BGI launched a new desktop
sequencing platform, BGISEQ-500, based on the tech-
nology of Complete Genomics. It uses a variation on the
“DNA nanoballs” sequencing method, with new engineer-
ing features. Whereas Complete Genomics’ instruments are
applied to sequencing whole human genomes and exomes,
the new instrument is more flexible and is planned for RNA
sequencing, including in single cells, panels for noninva-
sive prenatal sequencing, genotyping panels, and other
applications. It is a benchtop machine with high-
throughput, about 200 Gb per run. The BGISEQ-500 will
also be capable of rapid runs producing as little as 8 Gb of
data, an advantage for clinical assays.

BGI and its customers have generated over 250 publi-
cations in top journals. Schema of operation, the numerous
applications in analysis of genes and genomes, relevant
publications, collaborations, and operation protocols
involving Complete Genomics and BGI systems are listed
at the website of the companies (www.completegenomics.
com). Opinions of users and the latest news can be found
on the Genome website (www.genomeweb.com).

8.2.5 Oxford Nanopore Platform

The principle of operation of the nanopore sequence tech-
nique is the analysis of the DNA strand directly as the
molecule is drawn through a tiny pore suspended in a
membrane. Changes in electrical current, or tunneling
currents, are used to read off the chain of bases. Great hope
and attention are devoted to emerging nanopore technology
because it would allow to single DNA molecule to be
sequenced in real-time, requiring no amplification step,
combined with less expensive hardware and simplicity of
operation.

The promise is great, and progress is finally taking place
slowly. When Oxford Nanopore presented the MinIon de-
vice in 2012, it was met with slightly pessimistic expecta-
tions. In the meantime, many laboratories worldwide are part
of the MinIon Analysis and Reference Consortium
(MARC), a group formed by a number of participants in
Oxford Nanopore’s MinIon early-access program that plans
to conduct a series of projects based on the technology. They
all wish the technology to be a success and are assessing how
reproducible the device’s performance is across laboratories,
and are developing standard protocols and reference data.
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The consortium made the raw and aligned nanopore reads of
the first test results available (corresponding to the state of
the MinIon technology in April 2015; see www.
genomeweb.com, October 15, 2015). The European
Nucleotide Archive and the European Bioinformatics
Institute coordinated the data distribution and analysis. The
goals of the study were to assess the yield, accuracy, and
reproducibility of the MinIon by performing replicate ex-
periments at several sites and to find out which technical
factors determine high performance. For the study, each
laboratory generated MinIon sequence data from the same
substrain of Escherichia coli using the same protocols.

Overall, using R7.3 flow cells and SQK-MAP005
chemistry, a typical experiment resulted in about 20,000 two-
dimensional reads, with a median length of 6.5 kilobases,
generating about 115 megabases of data. When they used an
8-kilobase shearing protocol, almost 5% of two-dimensional
(2D) reads were at least 10,000 bases long, some of them
more than 50,000 bases. The total error for individual 2D
base calls was 12%, consisting of 3% miscalls; a further 4%
were insertions and 5% were deletions. A single run yielded
enough 2D bases to cover the E. coli genome 25-fold.

The performance of the MinIon device itself was
consistent in the tests and no experiment failed owing to
problems with the device. The researchers also observed no
guanine-cytosine bias, although they noted this may be
hard to detect with an E. coli genome. One reason the
quantity and quality of data varied between runs is that
many steps in the standard protocol are sensitive to the
quality of materials and reagents being used. The results of
the MARC report suggested how to improve the perfor-
mance of the MinIon, including clearer protocol steps,
methods for longer library molecules, and improved oper-
ation run software scripts.

Overall, MinIon nanopore sequencing has several ad-
vantages over short-read sequencing technologies, e.g., its
long reads enable sequencing through repetitive regions, its
generation in speed results in minutes rather than hours, it
has a low capital cost of $1000 per device, and it has a
small size. Its main limitations are the currently high
mismatch and indel error rate and the limited yield per run,
ranging from megabases to gigabases. However both will
continue to improve through better bioinformatic tools and
new hardware and chemistry.

Oxford Nanopore released the newMinIon Mk1 device
and reagents, and the company is constructing systems with
larger throughput. Still, the priority is to concentrate on
reproducibility and standardization of the performance.

8.2.5.1 Detection of Structural Variants With
Oxford Nanopore MinIon Device

Nanopore sequencing can detect SVs in a mixture of po-
lymerase chain reaction amplicons. In a proof-of-principle,

the scientists, led by Jim Eshleman and Winston Timp from
Johns Hopkins University, showed (GenomeWeb.com,
October 5, 2015) that they could detect a number of well-
characterized structural variants, including large deletions,
inversions, and translocations, that affect two tumor sup-
pressor genes in pancreatic cancer cell lines, using ampli-
con sequence data from Oxford Nanopore’s MinIon. It
shows the ability of nanopore sequencing to detect SVs
correctly and reliably with only hundreds of reads instead
of millions.

In detecting SVs, Oxford Nanopore is still behind other
technologies that offer long-range genome information,
such as Pacific Biosciences, BioNano Genomics (see sub-
sequent discussion), Illumina synthetic long reads, and
OpGen optical mapping. However the MinIon has more
potential for diagnostic and screening use. The cost of the
Oxford Nanopore platform and its operation are low
compared with other systems in use. This will push
sequencing to spread from research laboratories to the
clinics, where nanopore sequencing could become the tool
for the low-level detection of cancer-associated SVs and
their early detection. Clinical applications will require
improved throughput (compared with amplicon
sequencing) needed both for genome-wide detection of SVs
and targeted sequencing of regions likely to contain an SV.
Increase in throughput will be accomplished with advances
in the current MinIon platform and with the larger in-
struments that Oxford Nanopore is developing.

An increasing number of publications is using the
technique, with applications in analysis of clinical samples
and small genomes. Schema of the principle of operation,
relevant publications, collaborations, and operation pro-
tocols involving the Oxford Nanopore system are listed on
the website of the company (www.oxfordnanopore.com).
Opinions of users and the latest news can be found on the
Genome website (www.genomeweb.com).

8.2.6 Other Projects With Protein
Nanopores and Solid-State and Graphene
Nanopores

Nanopore systems in operation (Oxford Nanopore and
Genia) use the protein nanopore channels in a membrane. It
has been demonstrated that using special protein channels
can give the resolution of single DNA bases (Manrao et al.,
2012; Cherf et al., 2012; Laszlo et al., 2014). Efforts are
under way to develop nanopores with solid-state techniques
used in the semiconductor industry, which could have some
advantages in the mass manufacturing process of chips with
a large number of nanopores, with the ambition of
increasing the reproducibility of nanopore performance.
Currently the thickness of solid-state membranes is too
large, 10e20 nm, to allow the resolution of a single DNA
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base, because with this thickness there may be 30e50 bases
simultaneously inside the nanopore. A further difficulty
with current techniques is the large speed with which the
DNA molecule passes through the solid nanopore under the
influence of an applied electrical field, which makes it
impossible for the electronic detection system to achieve
single base resolution.

To slow and control the translocation speed of the
single-strand DNA through the nanopore, one possible way
to use DNA polymerases, as proposed, e.g., in 2010 at
EPFL in Lausanne (Ansorge W., note about patent proposal
for DNA polymerase as a motor for controlled transport of
DNA strand through a nanopore, in an EPFL internal email
communication on August 4, 2010 to Prof. L. Forro and
Prof. A. Radenovic, and emailed to Prof. Hagan Bayley on
August 17, 2010) and in a publication in 2012 (Cherf et al.,
2012).

In an effort to reduce nanopore thickness, several pro-
jects were described using graphene material for the
nanopore (Merchant et al., 2010; Schneider et al., 2010;
Garaj et al., 2010; Drndic, 2014). The thickness of the
graphene nanopore is so small that just about one-third of a
nucleotide is inside the pore during the translocation of the
DNA molecule through the pore, presenting the theoretical
possibility of scanning the DNA molecule with a single-
base resolution. However, as reported in the reports on
graphene pores mentioned previously, there are unsolved
obstacles. Among them is the large speed of DNA trans-
location requiring the design of much faster electronics
signal detection, or the development of techniques allowing
the speed to be lowered, e.g., by some controlled in-
teractions of the passing DNA strand and the walls of the
pore. Also reported were wetting problems of the graphene
pore possibly caused by the hydrophobic surface, perhaps
requiring some surface passivation process for the pore.

Other thin materials were tested for the nanopore
membranes, e.g., hafnium oxide and boron nitride (Drndic,
2014), and molybdenum disulfide (Liu et al., 2014).

Besides measuring changes in the ionic current as the
DNA passes through the pore, there are efforts to measure
the electric signals perpendicular to the DNA molecule
(called tunneling currents DNA sequencing) as it traverses
the pore or channel. The expectations are that each base
will show a sufficiently different tunneling current,
depending on its electronic structure, and the base sequence
will be deduced from differences in the tunneling currents.

8.2.7 Genia: Roche

As the various platforms strive toward the $1000 genome,
Genia (www.genia.com) is looking beyond toward the
$100 genome. The technology has the potential to reduce
the price of sequencing and increase speed, accuracy, and
sensitivity by moving away from complex sample

preparation and optical detection. The basis of Genia’s
technology is the biological nanopore, a protein pore
embedded in a lipid bilayer membrane. The planar elec-
tronic sensor technology enables highly efficient accuracy
of current readings, which is a common limitation in
nanopore sequencing efforts. Genia’s NanoTag sequencing
approach, developed in collaboration with Columbia and
Harvard Universities (Kumar et al., 2012), uses a DNA
replication enzyme to sequence a template strand with
single-base precision, as base-specific engineered tags
cleaved by the enzyme are captured by the nanopore. As
the cleaved tags travel through the pore, they attenuate the
current flow across the membrane in a sequence-dependent
manner (Fig. 8.1). Thus the tag, not the nucleotide, passes
through the pore.

Electrochemically, each of the four tag types interacts
with the nanopore recognition site differently, partially
blocking the ion current by a characteristic amount that
results in a tag-specific electronic signature (Fig. 8.2). DNA
sequences are computed from the residual currents
measured on the nanoporeeDNA complex during passage
of the cleaved tags through the pore. The high sensitivity of
electronic detection circuitry underneath each sensor en-
ables the sequence of single DNA molecules to be obtained
with the Genia platform. In the future the nanotags on the
four nucleotides can be optimized with the aim of achieving
the highest resolution of the single bases (Kumar et al.,
2012).

Many of today’s sequencing platforms rely on special-
ized, expensive optical sensors. Genia technology senses

FIGURE 8.1 Schematic of a single molecule DNA sequencing by a
nanopore with phosphate-tagged nucleotides. Genia’s NanoTag
sequencing approach identifies DNA sequences not by detecting the nu-
cleotides themselves with the nanopore, but by measuring current changes
caused by the passage of each of four different tags that are released from
the incorporated nucleotide during the polymerase reaction. From the
Genia Web page, www.genia.com.
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changes in electrical currents detected by standard semi-
conductors devices, without optical systems. Involving
semiconductor technology with the DNA sequencing will
reduce the cost of Genia’s sequencer operation, making the
$100 genome a possibility. The company was acquired by
Roche.

8.2.8 BioNano Genomics

BioNano Genomics is not producing classical DNA
sequencing devices, although it uses similar nanochannel
technology and fluorescence detection. By providing a
detailed physical Genome Map, however, it helps to finish
sequencing and remove sequencing errors caused by re-
petitive regions. Genome Maps are a complement to
sequencing and increase the quality of the results. NGS
technologies are essential for nucleotide-level information,
but some are limited in long-range resolution. The reason is
that often the fragmented reads are too short compared with
repetitive regions, and a longer base reading length would
be needed to make a complete map and overcome repetitive
regions within and between genes. To detect variations and
architecture on a larger scale, scientists need a technology
to map the genome directly with a resolution matching the
variation in question, e.g., kilobases, not bp. Adding a
genome map to sequencing data enables a better view of the
whole genome, showing its features in context and func-
tional relationships across kilobases to megabases.
Sequencing can be completed to a higher standard in less
time, with the help of a physical map to facilitate de novo
sequence assembly and scaffolding.

The high-resolution Irys System from BioNano Geno-
mics produces a detailed whole-genome map with highly
precise anchor points against which to align data from
NGS. Genome maps orient contigs and size gaps by
bridging across repeats and other complex elements that
break NGS assemblies. The system improves the long-
range contiguity across the genome and in many cases
helped to find errors in sequence assembly. Genome Maps
represent a useful validation method for genome contigs
and scaffolds in regions assembled from fragment reads.

SVs in chromosomal DNA account for a large amount
of variability between human genomes, also influencing
phenotypic variations. In clinical research, SVs are
increasingly associated with several diseases such as Crohn
disease, autism, schizophrenia, morbid obesity, and cancer.
To study SV, researchers have traditionally been limited to
techniques in which the genomic DNA is first sheared into
small fragments, which limits the correct assembly of
complex genomes. During assembly, repeats and structural
relationships between regions are lost by fragmentation. In
the Irys System excessive fragmentation is avoided by
relaxing and straightening large DNA molecules in nano-
channels so they can be imaged intact. Analysis of large
whole molecules and generation of de novo genome maps
allow the elements in the genome to be viewed directly and
SVs to be analyzed. Other technologies that offer long-
range genome information are Pacific Biosciences, Illu-
mina synthetic long reads, OpGen optical mapping, and
Oxford Nanopore.

In the Irys System, the DNA to be analyzed is labeled at
specific sequence motifs for imaging and identification in

FIGURE 8.2 Example using unique current blockade signatures from engineered electronic tags to identify individual nucleotides. From: Scientific
Reports (Nature Publications group), “PEG-labeled nucleotides and nanopore detection for single molecule DNA sequencing by synthesis” (2012, 2,
684; http://dx.doi.org/10.1038/srep00684) and the Genia Web page www.genia.com.
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IrysChips. The labeling method in the system uses a
nicking endonuclease to create a single-strand cut in the
long DNA molecules, at a specific recognition site, wher-
ever it occurs in the genome. Fluorescently labeled nucle-
otides are then incorporated by repairing the single-strand
nicks with a polymerase. These labeling steps result in a
uniquely identifiable sequence-specific pattern of labels to
be used for de novo map assembly or for anchoring
sequencing contigs. Other labeling techniques may be used
in the system. The labeled DNA sample is pipetted onto the
IrysChip in the flowcells; movement of DNA in the flow-
cell is controlled electrophoretically. The DNA stretches in
solution to confine chromosomal-length DNA inside the
nanochannels. The current is transiently turned off and the
molecules in solution are stationary and stretched uni-
formly. At this time imaging is performed, capturing high-
resolution, single-molecule images of the labeled DNA that
contains sequence motifs along hundreds of kilobases (or
even over a megabase) in a single contiguous molecule.
Once imaged, the molecules are flushed and the process is
repeated, allowing imaging of several gigabases of DNA
per hour.

This technique reveals meaningful biological informa-
tion despite the presence of repetitive elements that cannot
be resolved by other technologies. It is also possible to
detect epigenetic modifications across the genome. In
contrast, in techniques in which the DNA molecules are
sheared to shorter fragments, biological information may be
disrupted or completely lost, e.g., the order and arrange-
ment of functional regions.

Raw image data of labeled long DNA molecules are
converted into digital representations of the motif-specific
label pattern. These data are then assembled de novo us-
ing data analysis software to re-create a whole-genome
consensus map of the original genome. This genome map
enables a variety of analyses, such as sequence finishing
and SV detection.

Schema of principle of operation, relevant publications,
collaborations, and operation protocols involving the Bio-
Nano Genomics system are listed on the website of the
company (www.bionanogenomics.com). Opinions of users
and the latest news can be found on the Genome website
(www.genomeweb.com).

8.3 TECHNIQUES/SYSTEMS IN
DEVELOPMENT

8.3.1 GnuBIO: Bio-Rad

The GnuBIO platform is a new desktop sequencer that
incorporates all steps for DNA sequencing into a single
system. Using emulsion microfluidics, GnuBIO has
developed a scalable DNA sequencing reaction that en-
compasses all of the steps necessary for DNA sequencing

inside picoliter-sized aqueous drops. Most other
sequencing technologies require separate workflows for
target selection, DNA amplification, DNA sequencing, and
analysis; GnuBIO technology integrates complete work-
flow into a single instrument. The platform provides a
single-step process that produces genomic results within
hours. It is designed to meet the workflow of both research
and clinical laboratories in applications from single genes
to whole genomes. GnuBIO and its DNA sequencing
platform was acquired by Bio-Rad in 2014 (for the schema
of principle operations and more information, see www.
gnubio.com).

8.3.2 Qiagen Platform

Several years ago, Qiagen announced a plan to develop and
launch a DNA sequencing platform mainly for clinical
applications, to add to its wide range of products for pre-
paring and purifying nucleic acids. For this purpose they
bought DNA sequencing technology from SBH (www.
qiagen.com). The complete chain for DNA analysis, from
consumables for DNA preparation to sequencing, and to
data and functional analysis, would present a powerful
combination. Some initial test results were conducted but
the company has not yet launched the DNA sequencing
platform, although all products for the other steps in the
analysis chain, including the software for data and function
analysis, have already been distributed by Qiagen,
including its expertise in single cell analysis. The com-
pany’s progress, applications, and projects can be followed
on the website at www.qiagen.com.

8.3.3 Direct Genomics Single-Molecule
Sequencing

Direct Genomics, a spinoff of the BGI institute in China,
licensed its single-molecule sequencing technique from
Caltech using a sequencing method first developed by
Helicos Biosciences, Cambridge, Massachusetts. The
GenoCare system will operate with chemistry and reagents
from Helicos, but the technique and device were optimized
and redesigned. The GenoCare is expected to have a
throughput of around 10 Gb per run, with very high
consensus accuracy (approaching 100% by 5� coverage),
an initial read length of 35 bases, and 140 bases with four-
color chemistry and improvements in hardware. The key
improvement compared with the original Helicos technol-
ogy is the use of total internal reflection fluorescence mi-
croscopy. The laser is reflected internally and illuminates
only a thin region at the flow cell surface with captured
DNA, resulting in a significantly improved signal-to-noise
ratio. Another improvement is the use of the latest gener-
ation of charge coupled device cameras with higher sensi-
tivity. The single-molecule technique does not require a
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sample preparation module; DNA capture takes place
directly on the flow cell surface. GenoCare has been
designed for clinical applications in China, concentrating
on sequencing of gene cancer panels and noninvasive
prenatal screening and testing.

More information on the company’s progress will be
available on the BGI and Direct Genomics Web pages.

8.4 POTENTIAL FUTURE TECHNIQUES/
SYSTEMS/ANALYSIS PLATFORMS

8.4.1 DNA Sequencing by Tunneling
Currents

Besides the measurement of changes in ionic current as
DNA passes through pores, there are efforts to measure
electric signals perpendicular to the DNA molecule (in a
technique called tunneling currents DNA sequencing) as it
traverses the pore or channel. Expectations are that each
base will show a sufficiently different tunneling current,
and the base sequence will be deduced from the differences
in the tunneling currents.

Depending on its electronic structure, each base may
affect the tunneling current differently, allowing differen-
tiation among bases during translocation through the pore
or channel. The technique has the potential to sequence
orders of magnitude faster than ionic current methods.
Sequencing of several DNA oligomers and micro-RNA by
the tunneling currents technique has been reported (Ohshiro
et al., 2012; Di Ventra, 2013).

8.4.2 Mechanical Identification and
Sequencing of Single DNA Molecule

The proof of concept was presented for a single-molecule
platform that allows DNA identification and sequencing
(Ding et al., 2012) based on the mechanical properties of
DNA, as explained in the publication. An entirely novel
interesting approach, the technique is not based on the
detection of the fluorescent nucleotides but on DNA hairpin
length. By mechanically pulling (in a magnetic tweezers
system) on magnetic beads tethered by a DNA hairpin to
the surface, the molecule can be unzipped and the two
DNA strands mechanically separated. In this open state it
can hybridize with complementary oligonucleotides, which
transiently block the hairpin, rezipping when the pulling
force is reduced. By measuring from the surface to the bead
of a blocked hairpin, one can determine the position of the
hybrid along the molecule with nearly single-base preci-
sion. The approach can be used to identify a DNA fragment
of known sequence in a mixture of various fragments and to
sequence an unknown DNA fragment by hybridization or
ligation. The proof of concept of the technique has been

demonstrated, but it may not be easy to develop it into a
simple system for routine DNA sequencing applications, in
competition with other techniques.

8.4.3 Sequencing With Mass Spectrometry

Matrix-assisted laser desorption ionization time-of-flight
(TOF) mass spectrometry (MS) has been investigated
specifically as an alternative method to gel electrophoresis
for visualizing DNA fragments (Monforte and Becker,
1997; Hall et al., 2005). With this method, DNA fragments
generated by chain-termination sequencing reactions are
compared by mass rather than size and the DNA sequence
is deduced. The mass of each nucleotide is different from
the others, and this difference is detectable by MS. Single-
nucleotide mutations in a fragment can be detected more
easily with MS than by gel electrophoresis alone (Monforte
and Becker, 1997; Edwards et al., 2005).

Early chain-termination and TOF MS methods
demonstrated read lengths of up to 100 bp. To date, this
appeared to be the limit for the measurable average read
size. MS-based DNA sequencing may not be suitable for
large de novo sequencing projects, just like chain-
termination sequencing alone, but it has been used,
e.g., in bacterial and forensic studies. A study used the short
sequence reads and MS to compare single-nucleotide
polymorphisms in pathogenic Streptococcus strains
(Beres et al., 2010).

8.4.4 DNA Sequencing by Electron
Microscopy

This approach directly visualizes the sequence of DNA
molecules using electron microscopy. The detection is not
straightforward because atoms composing the DNA are
generally of low mass, and thus are not easily visualized
by electron microscopic techniques. To be clearly visu-
alized under an electron microscope (EM), DNA must be
labeled with heavy atoms. In addition, specialized imag-
ing techniques and aberration-corrected optics are bene-
ficial for obtaining the resolution required to image the
labeled DNA molecule. In theory, transmission electron
microscopy DNA sequencing could provide extremely
long read lengths, but the issue of electron beam damage
to the DNA has not been entirely resolved, and the
technology has not yet been developed commercially.
Nevertheless the first identification of DNA bp within
intact DNA molecules has been shown, which proved that
modified bases containing atoms of increased atomic
number were enzymatically incorporated. Direct visuali-
zation and identification of individually labeled bases
within a synthetic 3272-bp DNA molecule and a 7249 bp
viral genome were demonstrated (Bell et al., 2012;
Mankos et al., 2012).
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There are currently two companies working on the
DNA sequencing technique using electron microscopy,
employing different approaches. One company, ZS Ge-
netics, published an initial proof-of-concept study in 2012
(Bell et al., 2012), and demonstrated that it was possible to
label (with a single mercury atom) and identify one of four
bases of DNA with an EM. The company claims that it is
able to label and distinguish all four bases uniquely. The
goal for DNA analysis with an EM is that it will enable
long reads and high accuracy. Without the need for frag-
mentation, the DNA is first labeled; then the EM takes an
image of it while analyzing and distinguishing among the
different labels to read out the sequence. If confirmed in the
future constructed device, such a strategy could enable
reads of around 50,000 bp.

ZS Genetics uses transmission electron microscopy
(TEM), in which electrons have about 1000 times more
energy. In TEM, high-energy electrons are not scattered
enough by the light elements that make up DNA, so the
molecule cannot be visualized directly. The heavy metal
labeling approach has several problems. One is that the
labeling reaction might not go to completion, and thus
some DNA bases may be missed and not detected. A
further problem is that it is not yet possible to label only
one type of base at a time because the labels are difficult to
distinguish and they interfere with each other when they get
too close. Thus the sequence is reconstructed from four
separate images. In addition, high-energy electrons often
damage the DNA, causing the labels to move around, so
their position is no longer precisely located on the base.

Another start-up company, Electron Optica, and its
collaborators have experimented and demonstrated in
principal that sequencing of nonlabeled DNA by electron
microscopy should be feasible. Technical approaches of the
two companies differ in several aspects. Electron Optica
will use low-energy electron microscopy (LEEM), in which
electrons have low energies up to several hundred electron
volts. Because of the lower beam energy in the LEEM
device, damage to the DNA molecule will be smaller and it
could reduce sequencing errors. Also, the low-energy
electrons are slower and become scattered by the light el-
ements of DNA (mostly carbon, oxygen, and nitrogen),
enabling sufficient contrast to visualize DNA directly
without the need to label the DNA with heavy metals, as
was demonstrated in Mankos et al. (2012).

The company showed that the four base types provide
sufficient contrast in LEEM for DNA sequencing. Electron
Optica uses monochromatic aberration-corrected dual-beam
LEEM, in which two beams illuminate the sample with
low-energy electrons, and the reflected electrons compose
an image. The LEEM technique has not been used widely
in the life sciences because of the lower resolution
compared with other types of EMs. Another reason for the
less frequent use of the technique is that most biosamples

are electrical insulators. As such, they charge up under the
electron beam in the microscope, and the charge acquired
by the sample affects the trajectory and lowers the resolu-
tion of low-energy electrons. To work around this problem,
the company had to develop a charge-control technique.

Electron Optica is designing a new aberration corrector
that can bring the resolution to about half a nanometer,
which is needed to demonstrate that all four bases can be
distinguished.

On four different kinds of substrates, and involving the
use of advanced spectroscopy techniques such as X-ray
photoelectron spectroscopy and Auger electron spectros-
copy, the company achieved the contrast needed to distin-
guish among the individual bases. The difference in
contrast among the bases is caused mainly by differences in
the nitrogen content of the bases (Mankos et al., 2012).

The price of a finished sequencing microscope is esti-
mated to be $0.5e1 million. The platform would compete
with other technologies on read length (the goal is to obtain
base readings up to 50 Mb) as well as cost per base, ac-
curacy (error rate of 10�6), and throughput (one genome
per day). Besides DNA sequencing, it should also be useful
for RNA sequencing and detection of methylation on bases.

More details and information about progress of the
techniques can be found on the websites of the companies
(www.zsgenetics.com and www.electronoptica.com).

8.4.5 RNA Polymerase Sequencing
Technique

This method (Pareek et al., 2011; Fujimori et al., 2012;
Ansorge, 2009, 2010) is based on use of RNA polymerase
(RNAP), which is attached to a polystyrene bead. One end of
the DNA to be sequenced is attached to another bead, and
both beads are placed in laser optical traps. RNAP motion
during transcription brings the beads closer together, and as
their relative distance changes, the change is recorded at
single-nucleotide resolution. The sequence is deduced based
on the four readouts with lowered concentrations of each of
the four nucleotide types, similar to the Sanger method.
Comparison is made between regions and sequence infor-
mation is deduced by comparing known sequence regions to
unknown sequence regions. Because of the special equip-
ment needed, this technique may be useful in special appli-
cations and may not be easily developed into a wide
technique competing with other available technologies.

8.4.6 Fluorescence Resonance Energy
TransfereBased and Raman Spectroscopy
Approach for DNA Sequencing

A sequencing-by-synthesis approach that applies fluores-
cence resonance energy transfer (FRET) was proposed by
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VisiGen Biotechnologies (www.visigenbio.com). In this
technique a polymerase containing a donor fluorophore is
used combined with four different acceptor fluorophores for
the respective bases. Whenever the polymerase in-
corporates a nucleotide, an FRET signal is generated
through the proximity of the donor and acceptor fluo-
rophores. Sequence information is obtained consequently
based on the specific labels for each base. Upon release of
the pyrophosphate that contains the fluorophore, the FRET
signal is quenched until the incorporation of the next base.
The technique has been promising and was taken over by
Life Technologies with no news concerning its eventual
further development.

The use of surface-enhanced Raman scattering and tip-
enhanced Raman scattering for DNA sequencing were
described in a publication (Bailo and Deckert, 2008) as well
as in a technical review (Treffer and Deckert, 2010). A test
on a single RNA strand was reported as a promising step
toward the development of a novel label-free single-
molecule sequencing technique.

8.5 PERSPECTIVES FOR FUTURE
APPLICATIONS AND DIAGNOSTICS
TECHNIQUES

As the techniques and technologies are rapidly developing,
DNA sequencing applications are spreading to all areas that
are even remotely connected to DNA analysis. Examples
are the control of vaccines and medicament purity in the
pharma industry, where the detection of active viral com-
ponents as well as inactive dormant viruses occurs. The
control of claimed meat quality in the food processing in-
dustry, forensic analysis, fetal analysis from DNA circu-
lating in the mother’s blood, and the evolutionary biology
of organisms are just a few other fields in which the tech-
nique has found application. Here, we focus on two
emerging fields for which the latest DNA sequencing
technology is of fundamental importance.

8.5.1 Precision Medicine: Personal
Genomics

Precision medicine has gained increasing public attention
and support (Collins and Varmus, 2015). As a result of
technological advances that followed the Human Genome
Project, the expectation emerged that the medical field
would include the study of DNA, detecting genetically
conditioned illnesses and predicting personalized responses
to potential therapies. This new form of medical treatment
would concentrate on a patient’s specific needs for pre-
vention, diagnosis, and treatment. Precision medicine has
already revolutionized diagnosis and therapy for a number
of cancers. Recognized as a 2013 Breakthrough of the Year

by Science Magazine, a novel type of cancer immuno-
therapy has been developed. Genetically modified T-cells
taken from blood and reengineered to detect a protein on
cancer cells are used to fight specific cancer cells.
Compared with chemotherapy, the molecular profile of
individual patients will provide physicians with sufficiently
specific details about the genetic condition to enable
personalized treatment, minimizing adverse side effects and
unnecessary exposure to less efficient treatments. Precision
medicine will be help devise preventive approaches.

Currently, a person’s genome can be sequenced at a cost
of about $1000, and some companies already envision the
price being lowered to around $100. This development
indicates that DNA techniques providing individual mo-
lecular signatures may replace some traditional tools for
diagnosis.

8.5.2 Single-Cell DNA Sequencing, Chips
for Diagnostics

The isolation and analysis of single cells is a field of
increasing interest. The goal of obtaining the sequence of a
single DNA molecule from a single cell, ideally the entire
length of a chromosome, without amplification and without
destruction of the original DNA strand, as discussed in
Ansorge (2009, 2010), has moved closer to reality. Rapid
progress in single-cell techniques was described in detail in
reviews (Wang and Navin, 2015; Macaulay and Voet,
2014). The technique enables the study of rare cells and
will find applications in microbiology, neurobiology,
development, immunology, and cancer research, as well as
in the clinical environment.

Commercial devices for cell isolation are available
(www.fluidigm.com), but most of the analysis still requires
amplification steps. After single-cell isolation, advances in
whole-genome and whole-transcriptome amplification have
enabled the sequencing of low amounts of DNA and RNA
present. The technique made it possible to study genomic
and transcriptomic heterogeneity, because they develop in
normal as well as diseased cells. It will also help to un-
derstand the evolution of genomic, epigenomic, and tran-
scriptomic variations as they occur over a lifetime.

8.6 CONCLUSIONS

The diagnostics field has already profited from the advent
of DNA sequencing technology, sample preparation,
single-cell isolation techniques, DNA amplification
schemes, and computer data analysis with improving soft-
ware tools. Novel therapeutic approaches and public sup-
port for efforts in improvements in health care will no
doubt give a steady push to develop and innovate the field
further. Technology aims to lower the cost of the equipment
and biochemicals involved, simultaneously increasing the
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reproducibility, reliability, and simplicity of the techniques
and protocols in operation.

The goal to be achieved, as formulated in Ansorge
(2009, 2010), is still valid despite the great progress in
DNA sequencing techniques since then. For genomic
sequencing, and for the analysis of the ever more important
structural genetic variations in genomes (e.g., CNVs for
chromosomal translocations, inversions, large deletions,
insertions, and duplications), if sequence read length on the
original single DNA molecule could be increased to tens of
thousands of bases and more in a relatively short time, it
would be a great advantage. Ideally the goal would be the
sequence determination of a whole chromosome from a
single original DNA molecule, from a single cell.

So far, progress in this field has been encouraging,
particularly in throughput and cost per base on Illumina
systems, and single-molecule real-time approaches on
Pacific Bioscience and Oxford Nanopore. Several new
developments and improvements are still needed. The
promise of benefits in health care and public interest in
precision medicine will be the stimuli for continuous ef-
forts in developments of technology, diagnostics, and
therapies.

At present a human genome can be sequenced at a cost
of about USD 1000. Some present developments indicate
that the price could, in the foreseeable future be lowered
down to USD 100. The DNA sequencing technique has the
potential, with its precise determination of individual mo-
lecular signatures, to replace some traditional tools for
diagnosis.
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Chapter 9

Advanced Personal Genome Sequencing
as the Ultimate Diagnostic Test

B.A. Peters1,2, S. Drmanac1,2, J.S. Liu1, X. Xun1,2 and R. Drmanac1,2

1Complete Genomics, Inc., Mountain View, CA, United States; 2BGI-Shenzhen, Shenzhen, China

9.1 INTRODUCTION

Diagnostic tests are a critical component of an advanced
health care system and are given to patients at practically
every stage of disease management. Most modern diag-
nostic tests examine one or a small number of specific
markers that have been studied and shown to correlate with
disease states (see also Chapter 2). In the field of DNA
diagnostics this paradigm has persisted. However, our
knowledge is rapidly expanding and the model of devel-
oping a test for and examining one marker at a time is
quickly becoming outdated. In this chapter we will explore
why we need to change the current strategy and shift to
whole-genome sequencing (WGS), which we consider to
be the ultimate genetic test.

The development of the polymerase chain reaction
(PCR) (Saiki et al., 1985) and the Sanger sequencing
based semiautomated DNA sequencer (Smith et al., 1986)
in the mid 1980s fundamentally revolutionized the field of
molecular diagnostics. Before this, only a few diagnostic
tests existed to identify specific variants causing diseases
such as thalassemia and cystic fibrosis. These new tools
allowed for the simple development of gene tests that
could examine multiple variants at one time and created a
platform for the discovery of additional disease-associated
variants. By 1995 it was clear that structure and guidance
were needed for this emerging field, thus heralding the
formation of the Association of Molecular Pathology. The
Human Genome Project, which culminated in the
completion of the reference sequence of the human
genome in 2003, allowed for the identification and map-
ping of almost every gene in the human genome and set
the stage for an explosion in the number of disorders with
a specific gene test available (Fig. 9.1). As of 2016,

almost 5000 were available (www.genetests.org). At the
same time, improvements in DNA sequencing technol-
ogy, especially in the massively parallel “next-gen”
sequencing, resulted in a progression in comprehensive-
ness from one to a panel of mutations examined and from
whole-gene sequencing (e.g., BRCA1) to whole-exome
sequencing. Now, with the most recent advances in
WGS, there are almost no limits to our ability to under-
stand and diagnose the genetic basis of human disease.

9.1.1 Why Individual Whole-Genome
Sequencing Is Important

Within each of us lies a program for the development and
adaptive functioning of all of our tissues. This genome
program is coded by the 3 billion DNA letters transferred to
us from each parent. It is the ultimate genetic code; there is
no “deeper” level to be discovered. As such, it is suffi-
ciently predictive for our future body and mind functioning
and enables an early (e.g., prenatal) presymptomatic base-
line test, although predictions such as heart failure or cancer
predisposition are frequently conditional owing to envi-
ronmental and stochastic factors such as epigenetic states
that become frozen within a population of cells creating an
“epigenetic lock-in.” It can also predict which drugs are
potentially useless for each of us or, even more important,
those that could be deadly (Mizzi et al., 2014), such as in
the case of a 2-year-old boy who died from potential
complications of a codeine overdose and was later
discovered to have a cytochrome P-450 2D6 fast-
metabolizer phenotype that would have precluded him
from treatment with that drug (Ciszkowski et al., 2009).
Importantly, after WGS analysis and proper interpretation,
an individual genome program is potentially “modifiable”
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through personalized interventions such as body and mind
exercises, diet, supplements, and medications. In the near
future we may be able to edit the genome of our stem cells
to create healthier tissues. In essence, personal WGS will
help to inform us of all aspects of our life and the infra-
structure to enable population-scale WGS may become as
important as that which enables the Internet. Many in-
dustries related to human health and well-being will be
supported by this new infrastructure. Sequencing technol-
ogies may change but the need to read, store, and interpret
millions if not billions of whole human genome sequences
per year will exist in perpetuity.

9.2 ADVANCED WHOLE-GENOME
SEQUENCING

In 1965, Gordon E. Moore, cofounder of Intel, made the
observation that the number of transistors in an integrated
circuit doubles approximately every year (later revised to
every 2 years in 1975), resulting in the cost of a chip with a
fixed number of transistors dropping approximately half
over that period (Moore, 1965). This rapid pace of devel-
opment resulted in the remarkable reduction in the cost and
size of integrated circuits such that a modern pocket-sized
smartphone (iPhone 5, about $350) has four orders of
magnitude more computing power and lower cost than the
supercomputers that filled an entire floor used by NASA
during the Apollo program (IBM System/360 Model 75,
$3.5 million). Known as “Moore’s law,” this pattern has
become the benchmark by which all technologies are

compared. Genome sequencing is no exception; since the
conclusion of the $3 billion, 13-year human genome project
in 2003, the price of sequencing all 3 billion base pairs of
the human genome has rapidly dropped to the current cost
of about $1000, considerably outpacing Moore’s law
(Fig. 9.2). Concurrent with the huge drop in cost has been
the massive reduction in time, from 13 years to sequence
the reference genome to 26 h today for a personal genome
(Miller et al., 2015).

Similar to the computer microchip, increasing the
number of features that can be analyzed in parallel has
driven much of this rapid reduction in cost and time. In
DNA analysis, this so-called massively parallel sequencing,
pioneered a quarter century ago (Drmanac and Crkvenja-
kov, 1990), involves breaking the genome into many
fragments, distributing them across an array, and analyzing
them simultaneously. The latest generation of high-
throughput sequencers now contains chips with billions
of these features and can analyze multiple whole human
genomes in a day. For this process to work, it requires each
location on the array to be a fragment from only one
location in the genome. An obvious solution is to have a
single DNA molecule per location. However, this creates
the problem of creating a sufficient signal from each frag-
ment to allow for accurate base sequencing in a cost-
effective manner. The solution has been clonal amplifica-
tion of each fragment, typically by PCR on micron-sized
beads in an emulsion (Drmanac and Crkvenjakov, 1990)
or directly on the array support by in situ PCR (Bentley
et al., 2008). An alternative (Drmanac et al., 2007, 2010b)
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FIGURE 9.1 Increasing number of disorders with gene tests available. Since 1993 the number of gene tests for specific disorders has increased from
less than 500 to close to 5000. This figure was reproduced with permission from www.GeneTests.com from data on their website. www.GeneTests.com
aggregates worldwide testing information from over 678 laboratories and 1067 clinics.
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developed by Complete Genomics (Mountain View, CA)
uses a rolling circle replication process to generate hun-
dreds of clonal copies of each DNA fragment as a con-
catamer that fold into DNA nanoballs (DNBs) about
200 nm in diameter (Fig. 9.3). This process can be done in
a single homogeneous reaction resulting in billions of these
DNBs. The inherent negative charge of these DNA parti-
cles allows them to adhere to a high-density nanoarray with
a regular pattern of positively charged 200-nm spots spaced
about 500e1000 nm center to center, which makes this a
highly effective, low-cost method for creating a nanoarray
with more than a billion unique clonal spots. Because of
their size and related physical and chemical properties only
one nanoball can fit per “sticky” spot, resulting in over 95%
of spots occupied with a single DNB. Furthermore,
controlled multiple displacement amplification can be per-
formed in situ on the arrayed DNBs to generate over 1000
template copies per 200-nm spot, providing an order of
magnitude higher signal density than in PCR clusters
(Drmanac et al., 2007). Such dense nanoarrays consume
less sequencing reagents and allow highly efficient use of
digital imaging computer chips to the theoretical maximum
of imaging a DNA spot with a single camera pixel (Peters
et al., 2012).

Although these achievements have arrived at a mind-
boggling rate, much remains to be improved (Table 9.1).
Humans are diploid; that is, we inherit a set of homologous

chromosomes from each parent, but information about
parental variants is completely lost during the fragmenting
of the genome required by most highly parallel sequencing
systems. This kind of information can be critical
in situations where an individual has two different detri-
mental variations in a single gene. If the two variants are on
different homologous chromosomes, the potential impact of
this could be a loss of function of that gene product.
Furthermore, although error rates are low with greater than
50� read coverage and proper variant calling (one error in
approximately 1 million bases), they still cause several
thousand false “variants” in each genome that can cloud
genome interpretation. In addition, current DNA
sequencing misses many regions of the genome, and
because short sequences must be mapped back to the
reference genome, important individual variation within
each personal genome is lost. Furthermore, assigning var-
iants to specific members of gene families including
pseudogenes and recent segmental duplications is often
impossible. These short comings have been understood for
many years and despite efforts in developing advanced
mate-pair libraries (Bentley et al., 2008; Drmanac et al.,
2007, 2010a; Kim et al., 2009; Ahn et al., 2009; Ley et al.,
2008; McKernan et al., 2009; Pushkarev et al., 2009; Wang
et al., 2008; Wheeler et al., 2008) and algorithms for
assembling such short reads using local de novo assembly
and variant calling based on Bayesian probabilities

FIGURE 9.2 Moore’s law versus DNA sequencing. Named after the cofounder of Intel, Moore’s law is the observation that the number of transistors in
an integrated circuit doubles approximately every 2 years (Moore, 1965). This results in the cost of electronics dropping by approximately half in that
period. Plotting the cost of sequencing (red Dark Gray print in versions) against the rate of cost reduction based on Moore’s law (blue Light Gray print in
versions) demonstrates how rapidly sequencing technology advanced from September 2001 to February 2015. Reproduced from Wetterstrand, K.A. DNA
Sequencing Costs: Data from the NHGRI Genome Sequencing Program (GSP). Available at: www.genome.gov/sequencingcostsdata.
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(Carnevali et al., 2012), these problems remain. Finally,
most current technologies require thousands to millions of
cells’ worth of DNA, eliminating many sample types from
analysis (Table 9.1).

But it is not hopeless; as in all things in technology
there are solutions. Many of the data quality problems
described in Table 9.1 are the result of breaking the genome
into small fragments (approximately 0.5e5 kb). One
approach to ameliorate this problem of massively parallel
sequencing is the concept of co-barcoded reads, first
described in 2006 by Drmanac and since used by multiple
groups (Peters et al., 2012, 2015, 2014; Amini et al., 2014;
Kuleshov et al., 2014; Kaper et al., 2013; Zheng et al.,
2016) to improve genome sequencing quality. The idea is
simple: Add the same unique barcode to each short frag-
ment derived from a single long genomic DNA molecule.
After DNA and barcode sequencing, the barcode allows
one to determine which short (e.g., 100 bases) sequence
reads came from a particular long genomic DNA molecule

or small pools of such DNA molecules. In the most simple
design this can be performed using 96e384 barcodes
(Fig. 9.4) on 96e384 pools of a few thousand long
genomic DNA molecules (>50 kb) in a process called long
fragment read (LFR) technology (Peters et al., 2012). Using
this information allows for determination of the order of
variants from each parental chromosome (the phase or
haplotypes) as well as significant error correcting down to
one error in 1 billion bases (Peters et al., 2012, 2015).
However, 384 barcodes is not sufficient to fix all of the
current problems. Scaling the number of barcodes to over
10,000, possibly to a million or more, has the potential to
generate near-perfect genome assembly (Peters et al.,
2014). This large number of barcodes can be implemented
in oil nano-drops proposed several years ago
(Drmanac et al., 2010a) and implemented (Zheng et al.,
2016), or potentially in a single tube in which long DNA
fragments interact with millions of microbeads containing
clonal barcodes 10e15 bases in length (Drmanac et al.,

FIGURE 9.3 Massively parallel analysis: DNB arrays. Complete Genomics’ proprietary DNB arrays are a powerful example of how massively
parallel analysis is performed. Creation of an array starts with rolling circle replication of single-stranded circles. This can be performed on billions of
circles in a single small volume (a few hundred microliter reaction) resulting in billions of DNBs that consist of single-stranded tandem copies of
fragments of genomic DNA interrupted by known adapter sequences. These long single-stranded molecules form negatively charged nanoballs (DNBs).
This negative charge helps keep the DNBs from aggregating and also provides a simple method for arraying the DNBs. The DNBs are spread across a
silicon chip with a patterned array of positively charged spots spaced approximately 500e1000 nm from center to center, resulting in close to 100%
occupancy of all spots on the array with a single DNB.

TABLE 9.1 Limitations of Current Whole-Genome Sequencing

The order of variants on parental chromosomes is not retained (i.e., limited haplotype information).

There is difficulty mapping repetitive sequences.

There are high error rates.

Thousands to millions of cells are required excluding many sample types from analysis (e.g., in vitro fertilized embryo biopsies, blood
circulating tumor and fetal cells, microbiopsies, etc.).
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2013). Coupled with advanced computational algorithms,
this type of data would allow phased and reference-
unbiased de novo whole-genome assembly (Peters et al.,
2014). This would resolve segmental duplications,
including proper assembly of active and pseudogenes, and
could possibly measure telomere lengths for each of the 92
chromosomal ends of the human genome. To resolve any
remaining difficult regions in the genomic sequence, this
advanced co-barcoding could be combined with megabase
single-molecule mapping (Mak et al., 2016) and continuous
10-kb or longer reads (Levene et al., 2003).

9.2.1 Advanced Whole-Genome
Sequencing as the Ultimate First-Line
Diagnostic Test of Sick Children

In our current medical system, when a child is born with a
serious unknown disease the process of trying to

determine what is causing the observed symptoms begins.
According to one study of leukodystrophies, 20 tests were
performed on average before a diagnosis was made
(Richards et al., 2015). This convoluted path of various
specific clinical tests has led to the use of the term
“diagnostic odyssey” as a description. Often this accu-
mulation of tests exceeds $15,000 and can take years with
no satisfactory answer. As mentioned, our genome rep-
resents the deepest level of instruction for how to build
each of us. As such, complete analysis of that code can
allow for the identification of places where the in-
structions have a mistake, ultimately leading to a disease.
Studies have shown that thousands of genes (O’Roak
et al., 2012; Sanders et al., 2012; Michaelson et al., 2012;
De Ligt et al., 2012; Veltman and Brunner, 2012; Epi
et al., 2013; Yang et al., 2013; Iossifov et al., 2014; Al
Turki et al., 2014; De Rubeis et al., 2014; Gilissen et al.,
2014) may result in disease when a mistake, typically a

FIGURE 9.4 Long fragment read (LFR) technology. The LFR process starts with about 120 pg of highemolecular weight (HMW) genomic DNA or
directly from as few as five cells. Long genomic DNA molecules are denatured to single-strand DNA and dispersed across a 384-well plate. The result is
that much less than the amount of DNA contained within a single genome is found in each well. Consequentially the likelihood of overlapping fragments
of DNA from homologous chromosomes of each parent occurring in a single well becomes low. Through amplification, fragmenting, and ligation of
barcodes, these individual long fragments that are derived from a single parent can be reassembled in silico. This allows for the determination of which
variants were inherited as long blocks of DNA from each parent.
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random de novo mutation in the sperm or egg, is made in
the coding or regulatory sequence of one of them. In
addition, as mentioned in the Introduction, there are
currently over 5000 genes purported to be associated with
a genetic disease for which single-gene testing is avail-
able. Beyond that, there are likely to be hundreds to
thousands of genes that when carrying specific variations
or de novo mutations can modify the phenotypes of dis-
eases caused by mutations in other genes (Hamilton and
Yu, 2012). In light of these realizations, it is increasingly
clear that looking at a few spots is not only unlikely to
find answers but is also a waste of time and money. The
future approach will be to look at everything at once
through WGS (or at least to look at all coding through
whole-exome sequencing) as the first diagnostic test. As
the cost of sequencing has become more affordable it is
starting to be used in some of these cases and the results
have been extremely positive (Vissers et al., 2016). In a
high-quality (80� coverage) WGS study of children with
intellectual disability and developmental delay, 62% of
patients had a conclusive diagnosis from whole-genome
data compared with only 12% using more conventional
microarray technology (Gilissen et al., 2014). Additional
studies demonstrated similar stories of success
(Table 9.2). In most cases, these studies detected random
de novo genetic alterations of single-base substitutions to
short deletions or insertions.

In the case of a child with disease, the whole genomes or
exomes of both parents are typically sequenced as well. This
is to help reduce errors (high-quality base calls are required to
be made in all three subjects at each called position) and
identify de novo mutations that are often found to be the
causative variant in the children of parents without disease or
a history of disease within their families. It is also helpful in
cases where there are two different recessive variants in a
gene, and it is then critical to know whether each copy of the
gene harbors a variant (compound heterozygous inactiva-
tion) or whether both variants are found in one allele. How-
ever, as our knowledge grows about what variants cause
disease, it may become unnecessary to know whether
something is de novo; the nature of the variation and the gene
in which it occurs will be sufficient to indicate whether it
causes disease. A study by Samocha et al. (2014) demon-
strated this concept by describing a set of genes in which
variation is restricted, and with such coding de novo muta-
tions are more likely to be disease causing. Nonetheless,
knowing the phase of variants and mutations will still be
critical to identify disease-causing compound heterozygous
events. As mentioned earlier, haplotyping a child’s genome
with almost error-free mutation calls can be determined
directly throughmethods such as LFR. Improved knowledge
of variant impact and employing LFRwill ultimately obviate
the need for parental sequencing in these cases and result in
additional cost savings.

TABLE 9.2 Diagnostic Yield of WGS/WES in Published Studies

Year Study Disease Methods

Diagnostic Yield

(%)

Subjects,

n

2011 O’Roak et al. ASD WES 25 20

2012 O’Roak et al. ASD 44-gene
panel

1 2446

2012 De Ligt et al. DD/ID WES 16 100

2013 Jiang et al. ASD WGS 50 32

2013 Yang et al. Multiple
disorders

WES 25 250

2014 De Rubeis et al. ASD WES 6.7 3871

2014 Iossifov et al. ASD WES 30 2517

2014 Gilissen et al. DD/ID WGS 42 50

2015 Deciphering Developmental Disorders
study

DD/ID WES 28 1133

2015 Yuen et al. ASD WGS 42 170

2015 Tammimies et al. ASD WES 8.4 95

2015 Shaheen et al. DS WES 90 31

2016 Monroe et al. DD/ID WES 29.4 17

ASD, autism spectrum disorder; DD/ID, developmental delay/intellectual disability; DS, dysmorphology syndromes; WES, whole-exome sequencing;
WGS, whole-genome sequencing.
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9.2.2 Advanced Whole-Genome
Sequencing as Ultimate Prenatal/
Preimplantation Test to Reduce Prevalence
of Genetic Diseases

Worldwide, approximately 134 million babies are born
each year, 7.9 million (about 6%) of whom are born with a
serious birth defect or early-onset disease (Christianson
et al., 2006). Of those children, 3.3 million die within the
first 5 years of life and another 3.2 million may survive but
be severely disabled for the remainder of their lives. Even
in developed countries the percentage of children born with
birth defects is high (approximately 3% in the United
States) and 20% of those children die within the first year of
life (Matthews et al., 2015). Many of these birth defects are
the result of inherited variants, large-scale chromosomal
gains or losses, or de novo mutations, all of which can be
detected with WGS. In addition to birth defects, severe
genetic diseases such as autism and other rare diseases
affect up to 10% of the population (www.nlm.nih.gov/
medlineplus/rarediseases.html).

In developed countries the infrastructure is available to
screen prospective parents for a handful of recessively
inherited disorders and probably contributes to some of the
reduction in the number of birth defects compared with
developing nations. However, whereas most birth defects
and rare diseases are genetically based, many are not
inherited but instead are the result of random events that
occur in the germline of the parents or possibly early in the
development of the embryo. Furthermore, these random
defects have been shown to increase as the age of the
parents increases (Figs. 9.5 and 9.6) (Munne et al., 1995;

Crow, 2000; Hassold and Hunt, 2009; Kong et al., 2012;
Jiang et al., 2013; Gratten et al., 2014; Francioli et al.,
2015; Steiner et al., 2015; Wong et al., 2016). In these cases
prenatal or preimplantation, if in vitro fertilization (IVF) is
performed, screenings are the only method to detect these
defects. In both cases there are tests that can detect chro-
mosomal copy number changes.

An example of one of these noninvasive prenatal tests
(NIPTs) for prenatal screening, called NIFTY, was
developed by BGI in China and is based on collecting
cell-free DNA (cfDNA) from a small sample of maternal
blood (10 mL). During pregnancy, cfDNA fragments
originating from both the mother and the fetus are present
in the maternal blood circulation. By sequencing about
10 million fragments (base coverage representing about
10% of a single whole genome) of this cfDNA from the
maternal blood, chromosomal abnormalities in the fetus
can be detected. If aneuploidy is present, small increases
or decreases in the counts of the affected fetal chromo-
some will be detected. Using WGS technology and four
different proprietary bioinformatics analysis pipelines, the
NIFTY test is able to analyze data across the entire
genome and compare chromosomes in the tested sample
against optimal reference chromosomes to determine the
presence of genetic abnormalities accurately. Over
500,000 cost-effective NIFTY tests were performed by
BGI in 2015 on the first China Food and Drug
Administrationeapproved sequencing test based on
Complete Genomics’ DNB nanoarray technology. NIFTY
was found by an independent study to have the highest
NIPT sensitivity and specificity rates (Cheung et al.,
2015).

FIGURE 9.5 Aneuploidy is more prevalent in older mothers. (A) It has long been known that chromosomal abnormalities are more common in the
embryos and newborns of older mothers (Munne et al., 1995; Crow, 2000; Hassold and Hunt, 2009), as shown by an increasing risk of giving birth to a
child with trisomy 21 with increasing maternal age. (B) However, this association is not seen in older fathers, and indeed studies suggest that younger
fathers may have a slightly higher risk of conceiving a child with trisomy 21 (Steiner et al., 2015). These graphs were reproduced from Steiner, B.,
Masood, R., Rufibach, K., Niedrist, D., Kundert, O., Riegel, M., Schinzel, A., 2015. An unexpected finding: younger fathers have a higher risk for offspring
with chromosomal aneuploidies. Eur. J. Hum. Genet. 23, 466e472, with permission from the Nature Publishing Group (License No. 3,879,540,189,717).
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Although tests such as NIFTY are a big step forward in
detecting large-scale defects in the genome, they do not
have the resolution to detect potentially disease-causing
variants smaller than several megabases. In these cases
new technologies are needed and, most likely owing to the
small amount of fetal DNA found in the mother’s blood
(<10% of the total DNA), new sources of genetic material
from the fetus will need to be used. An intriguing possi-
bility is to use maternal haplotypes (e.g., determined by
LFR-based WGS) and deep molecular-barcodeeenabled
targeted sequencing of cfDNA to detect both maternal and
paternal inherited as well as de novo mutations in
approximately 2000 genes causing the most serious
diseases.

One active area of research is collecting fetal cells that
circulate in the maternal bloodstream. Currently there are
no technologies that can collect and enrich these cells to a
consistent level in which more than 10% of cells are from
the fetus. Furthermore, because these cells are rare, it is
unrealistic to expect to collect much more than 10 cells per
mother. In this case, sequencing such a small number of
cells will require a large amount of amplification to
generate enough material for most genome sequencing
platforms. This large amount of amplification will result in
thousands of false-positive polymerase errors, which

appear as de novo mutations during the data analysis stage,
masking the fewer than 100 true de novo mutations (Peters
et al., 2015). However, methods are currently available,
such as LFR, that allow for the analysis of 10 cells and
removal of the vast majority of these misleading false-
positive errors (Peters et al., 2012, 2015).

Another possible source of material is from the cells
collected during amniocentesis. Almost all of these cells are
from the fetus and millions can be collected, making
enrichment a nonissue. However, amniocentesis is an
invasive procedure and is less suitable for use in all preg-
nancies. That said, often older mothers (aged over 35 years)
are referred for this procedure because of the increased rate
of chromosomal abnormalities and birth defects such as
Down syndrome in this age group. In these cases, WGS
could provide chromosomal copy number data as well as
additional small variant information, ultimately improving
detection of all birth defects.

IVF is another area for which advanced comprehensive
genetic testing could have a large impact. It has been
estimated that currently 350,000 babies are born yearly
through IVF (De Mouzon et al., 2009, 2012; Centers for
Disease Control and Prevention, 2011; ESHRE, 2012).
That number is expected to rise, because advanced maternal
age is associated with decreased fertility rates and women

FIGURE 9.6 De novo mutations (DNMs) are more prevalent in older fathers. (A) A number of studies (Kong et al., 2012; Jiang et al., 2013; Gratten
et al., 2014; Francioli et al., 2015; Wong et al., 2016) demonstrated that older fathers contribute a larger number of de novo mutations to their offspring.
(B) But older mothers do not. These graphs were reproduced from Jiang, Y.H., Yuen, R.K., Jin, X., Wang, M., Chen, N., Wu, X., Ju, J., Mei, J., Shi, Y., He,
M., Wang, G., Liang, J., Wang, Z., Cao, D., Carter, M.T., Chrysler, C., Drmic, I.E., Howe, J.L., Lau, L., Marshall, C.R., Merico, D., Nalpathamkalam, T.,
Thiruvahindrapuram, B., Thompson, A., Uddin, M., Walker, S., Luo, J., Anagnostou, E., Zwaigenbaum, L., Ring, R.H., Wang, J., Lajonchere, C., Wang,
J., Shih, A., Szatmari, P., Yang, H., Dawson, G., Li, Y., Scherer, S.W., 2013. Detection of clinically relevant genetic variants in autism spectrum disorder
by whole-genome sequencing. Am. J. Hum. Genet, 93, 249e263, with permission from Elsevier (License No. 3,879,491,391,474).
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in developed countries continue to delay childbirth to later
ages. Although that is much less than 1% of all births
worldwide, it still represents many babies each year and the
rate of birth defects in this group is approximately the same
as in the general population. In addition, a large subpopu-
lation of parents aged over 35 years who, owing to diffi-
culty in conceiving naturally, choose to conceive through
IVF are expected to have a higher likelihood of giving birth
to children with birth defects. As with prenatal screening,
the current methods for detecting genetic defects in the
embryo are limited and miss many of the de novo events
that cause birth defects. In the case of preimplantation
testing for IVF, cell purity is not an issue, but the number of
cells is. Testing typically involves the biopsy of one cell
from a 3-day embryo or the more preferred method, owing
to improved implantation success rates (Scott et al., 2013),
of up to 10 cells from a 5- to 6-day blastocyst-stage em-
bryo. As with fetal cells isolated from the blood, poly-
merase errors incorporated during amplification are a
potential issue and strategies such as LFR can be used to
avoid these false-positive de novoelike errors. In fact, this
method has been demonstrated to work effectively on IVF
biopsies (Peters et al., 2015). Reading almost all of the
approximately 6 billion bases in the embryonic genome,
LFR was able to detect over 80% of the de novo mutations
and call fewer than six errors. Furthermore, most of the
detected de novo mutations were phased, allowing for the
proper diagnosis in imprinted genes (Schaaf et al., 2013).

9.2.3 Advanced Whole-Genome
Sequencing as Ultimate Cancer Profiling
for Selecting Optimal Cancer Therapy

Many cancer therapeutics have been developed toward
specific somatic alterations found in cancer, which makes it
critical to understand what mutations are present in each
tumor before starting therapies. This has led to the rela-
tively rapid implementation of genetic analysis methods for
cancer patients (e.g., Foundation One, PGDx, and BGI’s
TumorCare). Most of these focus on a select group of genes
commonly found to harbor cancer mutations. Although
these methods have helped cancer patients receive the
correct drugs, they are blind to many large chromosomal
changes as well as many other somatic mutations that could
be targeted to improve outcomes. Like all of the other ex-
amples we have talked about in this chapter, an unbiased
whole-genome analysis of every patient’s tumor would
allow for the detection of almost all important and target-
able variants and allow for an optimal personalized therapy.

Cancer presents multiple problems for whole-genome
sequence analysis. First, acquisition of genetic material
for sequencing can be challenging. In cases where the tu-
mor is accessible for biopsy or is surgically removed,
obtaining a sufficient amount of DNA is typically not a

problem. That said, many tumors are heavily infiltrated
with normal cells and can result in a low percentage of
tumor cells in the material to be analyzed. In addition, most
surgically removed tumors or biopsies are often fixed in
formalin and embedded in paraffin. This dramatically re-
duces the quality of the DNA isolated from this material
and can increase the number of false-positive variants in the
ensuing genome analysis. In the case where there is no
material directly from the tumor, genetic material of the
cancer can be isolated from the bloodstream in a manner
analogous to collecting fetal material from the mother’s
bloodstream. Both tumor cfDNA (ctDNA) and free circu-
lating cancer cells (CTCs) can be collected from the blood.
In the case of ctDNA the percentage of material that is
derived from the tumor varies widely and is frequently low
(less than 1%) (Sausen et al., 2014). Without enrichment
this would require about 100� more sequence reads to
generate sufficient coverage of the tumor genome, because
most of the reads would cover DNA from noncancerous
cells. For WGS this additional amount of sequence
coverage is currently too expensive for routine use. For
CTCs, the problem is obtaining a sufficient number of pure
tumor cells. In addition, some cancers appear to have no
CTCs that can be isolated (Nagrath et al., 2007; Nakagawa
et al., 2007; Riethdorf et al., 2007; Wendel et al., 2012;
Rack et al., 2014).

Second, cancers can have millions of somatic mutations
and these mutations are often not shared among all cells
within a tumor or between metastatic sites. This can make it
difficult to determine what the most important mutations
are to target. One possible solution to this is whole-genome
analysis of multiple minimally invasive biopsies (for
advanced WGS such as LFR, only about 10 tumor cells are
required) from a single tumor or in the case of late-stage
cancers from multiple metastatic sites as well as the orig-
inal tumor. Mutations that are shared among all sites are
likely to be better targets for therapy because they are found
in all cancer cells. In cases where it is not possible to obtain
multiple biopsies, CTCs might be used. Studies have
shown that at least five CTCs can be collected from
approximately 50% of cancers of all stages (Nagrath et al.,
2007; Nakagawa et al., 2007; Riethdorf et al., 2007;
Wendel et al., 2012; Rack et al., 2014). As has been dis-
cussed earlier in this chapter, starting from a small number
of cells can result in many false-positive variants. Never-
theless methods such as LFR can be used to remove many
of these false-positives and identify the true somatic vari-
ants. This was demonstrated in our study with LFR using as
few as five CTCs from a patient with breast cancer (Gul-
bahce et al., paper under review). A completely personal-
ized combination therapy was determined for a patient’s
cancer targeting both driver and passenger mutations found
to be present in all CTCs. Such targeted combination
therapies, potentially including personalized cancer
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vaccines, that are effective against all cancer lineages pro-
vide the best way to overpower the tumor in the first
treatment before resistance forms. This type of compre-
hensive personalized analysis and therapy strategy would
not have been possible with current panel sequencing
approaches.

9.2.4 Advanced Whole-Genome
Sequencing as Ultimate Genetic Test for
Health Preservation

Our genomes contain all of the genetic instructions for
development and functioning of all our tissues, and thus
affect all aspects of our lives. They comprise the complete
set of genetic instructions inherited from our parents in a
“genetic lottery.” For this reason, WGS enables the most
informative interpretation of our genetic makeup and re-
sults in the most precise interventions needed to counter-
balance some of our weak genetic spots. As such we have
to start using this “ultimate” genetic test (Drmanac, 2012)
as early as practical in our lives.

High-quality WGS is already available and has become
affordable for many people. In the near future we will have
“perfect” (practically 100% accurate and complete) personal
WGS (Peters et al., 2014) with more precise interpretation
and at an even more affordable price. The emerging trend in
health care is precision medicine informed by personal
genomic information. In this approach all decisions related to
health care, from preventive actions to diagnostic schedules
and treatment opinions, depend on the instructions encoded
in our genome. As a result, it is becoming critically important
for each of us to have our genome sequenced before ourfifties
when we start using more prescription drugs, or before our
thirties when the incidence of cancer starts increasing, or
before our twenties to influence our reproductive choices, or
at birth to prevent some early childhood diseases, or prena-
tally (e.g., in IVF) to select our healthiest genome. Essentially
the sooner individuals have their genome sequenced, the
more health and other benefits they can derive.

Once individuals have their genome sequenced and
securely stored, they can start using it to promote a longer,
healthier, and more productive and satisfactory life. In the
most advanced implementation of personal genomics,
automatic actionable reports will be generated when
needed, avoiding overinterpretation and the resulting un-
necessary and costly interventions or anxieties. For
example, if the genome of a newborn is sequenced and she
is determined to be a carrier of a disease, that information
would not be reported to the parent or child until imme-
diately before reproductive age because there are no actions
that can be taken earlier. The opposite would be true for
cases in which mutations in the genome can cause
congenital heart defects or early-onset sudden heart failure

(Nyegaard et al., 2012; Al Turki et al., 2014), early cancers
(Shah et al., 2013; Zhang et al., 2015), autism (O’Roak
et al., 2011, 2012; Sanders et al., 2012; Michaelson et al.,
2012; Yang et al., 2013; Iossifov et al., 2014; Al Turki
et al., 2014; De Rubeis et al., 2014), intolerance of anes-
thesia (Rosenberg et al., 2015), and many others (Cisz-
kowski et al., 2009; Worthey et al., 2011; Epi et al., 2013;
Gilissen et al., 2014). In these cases reports suggesting
measures that can be taken or warning against taking others
will be generated immediately for the parents, but will also
be available to medical doctors and caregivers whenever
needed. It is becoming more evident that such presymp-
tomatic reports can help prevent disease development.
Developing validated and approved genome interpretation
software providing dependable quality is critical for the
successful implementation of precision medicine.

Another important aspect of individuals having their
genome sequenced as early as practical is to maximize
preventive health care with minimal costs. A genome
sequence enables targeted medical follow-up to people who
need them. For example, BRCA1 and BRCA2 mutations are
highly predictive of early-onset breast cancer and occur in 1
in 500 women. Because this is a relatively low frequency in
the general population, it is too costly to discuss genetic
mutations in these genes and possible courses of action
with every women. Instead, only women with a family
history of breast cancer are given genetic counseling, but
this criterion addresses only about 50% of women with
cancer predisposing BRCA1 and BRCA2 mutations. How-
ever, if by default every girl had her genome sequenced,
every individual harboring these cancer predisposing mu-
tations would be selectively referred to counseling and
needed interventions. Those who did not have the muta-
tions, including those with a family history, would not
receive counseling because it would be unnecessary. It is
becoming evident that more cancers affecting both women
and men have inherited genetic components (Karageorgos
et al., 2015). Importantly, the WGS test provides all genetic
information not just for cancer or a few specific diseases,
but for all diseases.

The genome program is an open, signal-processing
program that allows for adaptive functioning of all our
tissues. For this reason, the state of our tissues in any
moment depends on our “past life” as processed by our
genome program. Furthermore, somatic errors (genetic or
epigenetic mutations) or infections occur in a stochastic
manner as modulated by environmental factors. Many of
these changes are irreversible or almost irreversible,
resulting in genetic or epigenetic “lock-in” of cell lineages.
Impactful changes of this nature in a tissue can cause a
cascade of changes in other tissues as a result of the co-
dependent nature of our organs and tissues. As a result of
all of these interdependences, genetic predictions are con-
ditional. To have a more precise assessment of our health
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we need to measure actual molecular states of our tissues
regularly: for example, the transcriptome or the epigenome
of white blood cells or the micro-/mycobiome of the gut
(Chen et al., 2012). These individual “omics” tests (iOmics)
are as important as having a WGS test. The advanced
iOmics tests can be performed on many tissues, including
separate analyses of thousands of single blood cells or rare
circulating cells (e.g., CTCs) or deep sequencing and
epigenetic analysis of cfDNA. Combining WGS with
iOmics tests provides the most informative prognostics and
diagnostics (Drmanac, 2012).

9.3 WHAT IS NEEDED TO IMPLEMENT
THIS VISION OF GENOMIC PRECISION
HEALTH CARE FULLY?

9.3.1 Perfecting and Scaling Personal
Whole-Genome Sequencing

As mentioned previously in this chapter, we are still far
from achieving a fully accurate and complete personal
genome. Less than “perfect” genomes can be used for
precision health care but many variants will be missing and
many false-positive variants will be present. These types of
errors will affect variant interdependence analyses and
necessitate the validation of all critical variants to ensure
they are real. This adds unnecessary cost and complexity to
the process. As discussed earlier, advanced LFR with over
10,000 barcodes and a phased de novo genome assembly is
needed to achieve “perfect” WGS inexpensively (Peters
et al., 2014). Highly efficient methods have been proposed
to use 1 million or more barcodes in a single tube
(Drmanac et al., 2013). This would allow the scaling of
LFR to millions of “perfect” personal genomes per year. In
addition to improving and advancing co-barcoding pro-
cesses, more efficient sequencers than are currently avail-
able are necessary to generate millions of “perfect”
genomes requiring at least 100� read coverage. This
scaling can be achieved through the same DNB nanoarrays
described earlier. Combined with cost-effective large-scale
manufacturing by BGI (Complete Genomics was acquired
by BGI in 2013) in China, this technology is poised to
provide cost-effective instruments and sequencing reagents
for the broad worldwide use of advanced genetic tests and
personal WGS.

Another important component for scaled WGS is the
integrated infrastructure from samples to reports including
data management and automated interpretation. We suggest
that every country invest in the large-scale personal WGS
and iOmics infrastructure much as countries invested in the
communication and broadband Internet infrastructure. This
is critical for future precision health care and the growth of
many other industries (e.g., food and biotechnology).

9.3.2 Building a Gigantic Knowledge Base
and Genome “Compiler”

The same population-scale sequencing infrastructure will
enable the accumulation of data and knowledge needed to
perform more accurate and complete interpretation of per-
sonal genome and iOmics tests. This will require a gigantic
database composed of WGS and iOmics tests as well as
health and other phenotype and environmental measure-
ments repeatedly obtained for millions of individuals over
their lifetime. This is necessary to be able to observe mo-
lecular changes from healthy to disease states. Projects of
this nature have been initiated by research institutions such
as Lee Hood’s Institute for Systems Biology in Seattle
(Hood and Price, 2014). “Big Data” such as this will allow
the use of machine learning and artificial intelligence
methods to reverse engineer our human genome program.

As proposed by one of us (R.D.), the ultimate long-term
result of such reverse engineering and decoding efforts
would be a human genome “compiler” that would be able
to create a computer-“executable” individual genome pro-
gram from an individual WGS. “Compiling” personal ge-
nomes can be used in various ways as described
subsequently. To speed these efforts, the formation of a
partnership among millions of people, data generation
companies, and data management companies is necessary.
We propose that individuals pay a minimal price for their
WGS/iOmics tests, sufficient to cover the actual cost, and
allow their data to be aggregated to improve the reports of
everyone in the database. To attract participation it can be
arranged for early adopters to pay less than future partici-
pants for advanced interpretation of their WGS/iOmics
tests.

Having a comprehensive understanding of the genetic
and molecular pathways of tissue development, aging, and
disease initiation and progression will provide a rational
basis for designing precise personal disease prevention and
treatment programs (from diet and supplements to drugs,
psychotherapy, or cell and gene therapies) that take into
account peculiarities of our genome and molecular condi-
tions of our tissues.

9.3.3 Running Our Genome Program In
Silico and In Vitro

Once a human “genome compiler” is developed, we can
use it to examine the “performance” of a personal genome
(Fig. 9.7). A personal genome would be compiled to
generate an executable program that would be run in silico
to observe the molecular and physiologic phenotypes
defined by that genome under specified environmental
conditions. Such observations in principal can provide
much more accurate “interpretation of personal WGS” than
the correlation analysis performed currently. Running our
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genome program allows all pathway interactions to be
taken into account. The “genome compiler” allows simu-
lation experiments by editing our genomes in silico at
certain positions, or therapy screens in silico. The full
contextual impact of one or multiple genome changes can
be observed. Using the clustered regularly interspaced short
palindromic repeats system (Cong et al., 2013), genome
edits with desirable effects can potentially be introduced
into our induced pluripotent stem cells to correct for some
genetic deficiencies. Such edits can be further evaluated
in vitro in the rapidly developing personal “organs-on-
chips” technology (Bhatia and Ingber, 2014).

9.3.4 Virtual Health Coaching

To be successful, in addition to defining precise personal-
ized preventive actions or treatments, the delivery and
implementation of genomic precision medicine must be
personalized to accommodate various psychological or
cultural preferences and beliefs. Furthermore, continuous
and customized education of the users is a critical aspect of
this implementation. This level of personalized and
customized delivery of medical information, which requires
the strong participation and education of users, would be
too expensive if performed by traditional health care pro-
viders and would be available only to a limited number of
people. To make adaptable and affordable precision med-
icine support available to millions of people, we propose a
virtual health coaching sponsor and assistant as an inex-
pensive Web service available any time of day on personal
devices with maximal privacy (Drmanac and Drmanac,
2009). We hypothesize that procedural aspects of the
traditional coaching process can be efficiently implemented
for genomic medicine education and health coaching
through a personalized virtual sponsor using today’s
computational capabilities. The health-coaching sponsor is
designed to provide services and information to people

when they need it and in a form that works for different
personalities and preferences (Fig. 9.8).

The proposed virtual coach system is composed of
coaching sessions with sets of important mind-opening
questions or statements that help users to take health into
their own hands. This includes developing plans with a
focus on disease prevention through genetic testing and the
introduction of healthy habits from proper diet and exercise
(Jones et al., 2016) to needed relaxation and sleep. The
virtual sponsor also serves as a health assistant and pro-
vides users with important reminders related to health, diet,
supplements, exercise, and relaxation, and schedules doc-
tor’s visits or checkups in accordance with an individual’s
health needs and health plan. Furthermore, coaching ses-
sions and guided processes are intertwined with access to
critical functional knowledge and information.

It is our belief that virtual health coaching will preserve
and enhance all proven benefits of professional coaching
while removing coach biases and other limitations. At the
same time, this service can be affordable to millions of
people. Two critical features of virtual coaching are cus-
tomization and personalization of the virtual coach and
coaching sessions. Users will be able to select (customize)
coach attributes according to their preferences, such as
voice, tempo, language, level of details, or even facial
features. Furthermore, the coaching program will auto-
matically adapt according to detected user preferences to
provide a more effective personalized coaching. Such
levels of customization and personalization will facilitate
the adoption of coaching as a critical enabler of personal-
ized and participatory precision health care.

The capabilities of a virtual sponsor approach could be
used in various areas of genomic health to put genetic and
genomic information into the life context of individuals
and their families. In addition to education in medical ge-
nomics and personalized medicine, the proposed virtual
sponsor has the potential to become an assistant to genetic

FIGURE 9.7 Future genomic prognostics. A personal genome sequence directly or with some test edits is compiled in an executable computer
program. After setting initial conditions (e.g., epigenetic and cytoplasmic states created by merging egg and sperm as well as external environmental
conditions including potential treatments), the executable program is run in silico to observe changes in the molecular states of simulated tissues over time
from development to aging. This approach of observing actual outcomes is expected to provide contextual personal genome interpretation that is more
accurate than correlation analysis. The iterative process of using current states of the genome, tissues, and environment as inputs to compute a new tissue/
organism state allows: (1) adjusting simulation predictions by actual measurements of various “omics” tests or (2) simulating epigenetic “mutations.”
WGS, whole-genome sequencing.
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counselors and provide coaching for healthy habits and
attitudes. Coaching, education, genomic tests, medical
family history, and health information resources could
easily be accessible via virtual sponsor software to
empower people to make informed health decisions and
satisfy specific health needs. Thus, virtual sponsoring ser-
vices can reduce unsustainable health care costs of indi-
vidualized medicine, educate consumers about appropriate
testing and public health services, and help individuals
navigate the complex health care delivery system.

9.4 CONCLUSION

In large part, the genetic program encoded in our genomes
defines our lives, from health and body strength to mental
abilities and behaviors. It is nowpossible to read this program
byWGSwith increasing efficiency, scale, completeness, and
accuracy even from just a few cells. Already, important
prognostic and diagnostic values of personal WGS and other
iOmics can be seen. The ability to interpret these tests is also
growing exponentially as genetic databases increase in size
and experimental methods improve. Furthermore, we can
efficiently edit our genomes with single-base precision.
Human societies are poised to use these advances in geno-
mics and molecular biology as well as the power of virtual
coaches and assistants to implement a broad and cost-
effective genomic precision health care focused on person-
alized disease prevention, from reducing the prevalence of

genetic diseases in newborns to extending our healthy life
span. What is needed is a joint effort by governments,
research andmedical organizations, industry, and consumers
for expedient and balanced (i.e., sacrificing some sensitivity
for specificity) implementation of this advanced health care.
Already there have been several encouraging efforts in the
United Kingdom, United States, China, The Netherlands,
and other countries.

REFERENCES

Ahn, S.M., Kim, T.H., Lee, S., Kim, D., Ghang, H., Kim, D.S.,
Kim, B.C., Kim, S.Y., Kim, W.Y., Kim, C., Park, D., Lee, Y.S.,
Kim, S., Reja, R., Jho, S., Kim, C.G., Cha, J.Y., Kim, K.H.,

Lee, B., Bhak, J., Kim, S.J., 2009. The first Korean genome
sequence and analysis: full genome sequencing for a socio-ethnic
group. Genome Res. 19, 1622e1629.

Al Turki, S., Manickaraj, A.K., Mercer, C.L., Gerety, S.S., Hitz, M.P.,
Lindsay, S., D’Alessandro, L.C., Swaminathan, G.J., Bentham, J.,
Arndt, A.K., Low, J., Breckpot, J., Gewillig, M., Thienpont, B.,
Abdul-Khaliq, H., Harnack, C., Hoff, K., Kramer, H.H., Schubert, S.,

Siebert, R., Toka, O., Cosgrove, C., Watkins, H., Lucassen, A.M.,
O’Kelly, I.M., Salmon, A.P., BU’lock, F.A., Granados-Riveron, J.,
Setchfield, K., Thornborough, C., Brook, J.D., Mulder, B.,

Klaassen, S., Bhattacharya, S., Devriendt, K., Fitzpatrick, D.F.,
Consortium, U. K, Wilson, D.I., Mital, S., Hurles, M.E., 2014. Rare
variants in NR2F2 cause congenital heart defects in humans. Am. J.

Hum. Genet. 94, 574e585.
Amini, S., Pushkarev, D., Christiansen, L., Kostem, E., Royce, T.,

Turk, C., Pignatelli, N., Adey, A., Kitzman, J.O., Vijayan, K.,

FIGURE 9.8 Dunn and Dunn preference model. The five stimuli groups or dimensions encompass environmental, emotional, sociological, physi-
ological, and psychological areas. The stimuli deal with how people perceive, interact, and respond within their environment. Within those groups there
are 21 variables or elements for which a person as a learner and user may have various levels of preference.

Advanced Personal Genome Sequencing as the Ultimate Diagnostic Test Chapter | 9 167



Ronaghi, M., Shendure, J., Gunderson, K.L., Steemers, F.J., 2014.

Haplotype-resolved whole-genome sequencing by contiguity-
preserving transposition and combinatorial indexing. Nat. Genet. 46,
1343e1349.

Bentley, D.R., Balasubramanian, S., Swerdlow, H.P., Smith, G.P.,
Milton, J., Brown, C.G., Hall, K.P., Evers, D.J., Barnes, C.L.,
Bignell, H.R., Boutell, J.M., Bryant, J., Carter, R.J., Keira
Cheetham, R., Cox, A.J., Ellis, D.J., Flatbush, M.R.,

Gormley, N.A., Humphray, S.J., Irving, L.J., Karbelashvili, M.S.,
Kirk, S.M., Li, H., Liu, X., Maisinger, K.S., Murray, L.J.,
Obradovic, B., Ost, T., Parkinson, M.L., Pratt, M.R.,

Rasolonjatovo, I.M., Reed, M.T., Rigatti, R., Rodighiero, C.,
Ross, M.T., Sabot, A., Sankar, S.V., Scally, A., Schroth, G.P.,
Smith, M.E., Smith, V.P., Spiridou, A., Torrance, P.E.,

Tzonev, S.S., Vermaas, E.H., Walter, K., Wu, X., Zhang, L.,
Alam, M.D., Anastasi, C., Aniebo, I.C., Bailey, D.M.,
Bancarz, I.R., Banerjee, S., Barbour, S.G., Baybayan, P.A.,

Benoit, V.A., Benson, K.F., Bevis, C., Black, P.J., Boodhun, A.,
Brennan, J.S., Bridgham, J.A., Brown, R.C., Brown, A.A.,
Buermann, D.H., Bundu, A.A., Burrows, J.C., Carter, N.P.,
Castillo, N., Chiara, E.C.M., Chang, S., Neil Cooley, R.,

Crake, N.R., Dada, O.O., Diakoumakos, K.D., Dominguez-
Fernandez, B., Earnshaw, D.J., Egbujor, U.C., Elmore, D.W.,
Etchin, S.S., Ewan, M.R., Fedurco, M., Fraser, L.J., Fuentes

Fajardo, K.V., Scott Furey, W., George, D., Gietzen, K.J.,
Goddard, C.P., Golda, G.S., Granieri, P.A., Green, D.E.,
Gustafson, D.L., Hansen, N.F., Harnish, K., Haudenschild, C.D.,

Heyer, N.I., Hims, M.M., Ho, J.T., Horgan, A.M., et al., 2008.
Accurate whole human genome sequencing using reversible termi-
nator chemistry. Nature 456, 53e59.

Bhatia, S.N., Ingber, D.E., 2014. Microfluidic organs-on-chips. Nat. Bio-

technol. 32, 760e772.
Carnevali, P., Baccash, J., Halpern, A.L., Nazarenko, I., Nilsen, G.B.,

Pant, K.P., Ebert, J.C., Brownley, A., Morenzoni, M., Karpinchyk, V.,

Martin, B., Ballinger, D.G., Drmanac, R., 2012. Computational
techniques for human genome resequencing using mated gapped
reads. J. Comput. Biol. 19, 279e292.

Centers for disease control and prevention, 2011. A. S. F. R. M., Society
for Assisted Reproductive Technology. U.S. Department of Health
and Human Services, 2009 Assisted Reproductive Technology Suc-

cess Rates: National Summary and Fertility Clinic Reports.
Chen, R., Mias, G.I., LI-Pook-Than, J., Jiang, L., Lam, H.Y., Chen, R.,

Miriami, E., Karczewski, K.J., Hariharan, M., Dewey, F.E.,
Cheng, Y., Clark, M.J., Im, H., Habegger, L., Balasubramanian, S.,

O’huallachain, M., Dudley, J.T., Hillenmeyer, S., Haraksingh, R.,
Sharon, D., Euskirchen, G., Lacroute, P., Bettinger, K., Boyle, A.P.,
Kasowski, M., Grubert, F., Seki, S., Garcia, M., Whirl-Carrillo, M.,

Gallardo, M., Blasco, M.A., Greenberg, P.L., Snyder, P., Klein, T.E.,
Altman, R.B., Butte, A.J., Ashley, E.A., Gerstein, M., Nadeau, K.C.,
Tang, H., Snyder, M., 2012. Personal omics profiling reveals dynamic

molecular and medical phenotypes. Cell 148, 1293e1307.
Cheung, S.W., Patel, A., Leung, T.Y., 2015. Accurate description of

DNA-based noninvasive prenatal screening. N. Engl. J. Med. 372,
1675e1677.

Christianson, A., Howson, C.P., Modell, B., 2006. The Hidden Toll of
Dying and Disabled Children. March of Dimes Global Report on Birth
Defects (March of Dimes Birth Defects Foundation).

Ciszkowski, C., Madadi, P., Phillips, M.S., Lauwers, A.E., Koren, G.,
2009. Codeine, ultrarapid-metabolism genotype, and postoperative
death. N. Engl. J. Med. 361, 827e828.

Cong, L., Ran, F.A., Cox, D., Lin, S., Barretto, R., Habib, N., Hsu, P.D.,

Wu, X., Jiang, W., Marraffini, L.A., Zhang, F., 2013. Multiplex
genome engineering using CRISPR/Cas systems. Science 339,
819e823.

Crow, J.F., 2000. The origins, patterns and implications of human spon-
taneous mutation. Nat. Rev. Genet. 1, 40e47.

De Ligt, J., Willemsen, M.H., Van Bon, B.W., Kleefstra, T.,
Yntema, H.G., Kroes, T., Vulto-Van Silfhout, A.T., Koolen, D.A., De

Vries, P., Gilissen, C., Del Rosario, M., Hoischen, A., Scheffer, H., De
Vries, B.B., Brunner, H.G., Veltman, J.A., Vissers, L.E., 2012.
Diagnostic exome sequencing in persons with severe intellectual

disability. N. Engl. J. Med. 367, 1921e1929.
De Mouzon, J., Goossens, V., Bhattacharya, S., Castilla, J.A.,

Ferraretti, A.P., Korsak, V., Kupka, M., Nygren, K.G.,

Andersen, A.N., 2012. Assisted reproductive technology in Europe,
2007: results generated from European registers by ESHRE. Hum.
Reprod. 27, 954e966.

De Mouzon, J., Lancaster, P., Nygren, K.G., Sullivan, E., Zegers-
Hochschild, F., Mansour, R., Ishihara, O., Adamson, D., 2009.
World collaborative report on assisted reproductive technology, 2002.
Hum. Reprod. 24, 2310e2320.

De Rubeis, S., He, X., Goldberg, A.P., Poultney, C.S., Samocha, K.,
Ercument Cicek, A., Kou, Y., Liu, L., Fromer, M., Walker, S.,
Singh, T., Klei, L., Kosmicki, J., Fu, S.C., Aleksic, B., Biscaldi, M.,

Bolton, P.F., Brownfeld, J.M., Cai, J., Campbell, N.G., Carracedo, A.,
Chahrour, M.H., Chiocchetti, A.G., Coon, H., Crawford, E.L.,
Crooks, L., Curran, S.R., Dawson, G., Duketis, E., Fernandez, B.A.,

Gallagher, L., Geller, E., Guter, S.J., Sean Hill, R., Ionita-Laza, I.,
Jimenez Gonzalez, P., Kilpinen, H., Klauck, S.M., Kolevzon, A.,
Lee, I., Lei, J., Lehtimaki, T., Lin, C.F., MA’ayan, A., Marshall, C.R.,
Mcinnes, A.L., Neale, B., Owen, M.J., Ozaki, N., Parellada, M.,

Parr, J.R., Purcell, S., Puura, K., Rajagopalan, D., Rehnstrom, K.,
Reichenberg, A., Sabo, A., Sachse, M., Sanders, S.J., Schafer, C.,
Schulte-Ruther, M., Skuse, D., Stevens, C., Szatmari, P.,

Tammimies, K., Valladares, O., Voran, A., Wang, L.S., Weiss, L.A.,
Jeremy Willsey, A., Yu, T.W., Yuen, R.K., DDD Study, Homozy-
gosity Mapping Collaborative For Autism, UK Consortium, The

Autism Sequencing C, Cook, E.H., Freitag, C.M., Gill, M.,
Hultman, C.M., Lehner, T., Palotie, A., Schellenberg, G.D., Sklar, P.,
State, M.W., Sutcliffe, J.S., Walsh, C.A., Scherer, S.W., Zwick, M.E.,

Barrett, J.C., Cutler, D.J., Roeder, K., Devlin, B., Daly, M.J.,
Buxbaum, J.D., 2014. Synaptic, transcriptional and chromatin genes
disrupted in autism. Nature 209e215.

Drmanac, R., 2006. Nucleic Acid Analysis by Random Mixtures of Non-

Overlapping Fragments. WO 2006/138284 A2.
Drmanac, R., 2012. Medicine. The ultimate genetic test. Science 336,

1110e1112.

Drmanac, R., Callow, M.J., Drmanac, S., 2007. High Throughput Genome
Sequencing on DNA Arrays. WO/2007/133831.

Drmanac, R., Crkvenjakov, R., 1990. Prospects for a miniaturized,

simplified, and frugal human genome project. Sci. Yugosl. 16,
97e107.

Drmanac, S., Drmanac, R., 2009. Systems, Computer Readable Program
Products, and Computer Implemented Methods to Facilitate On-

Demand, User-driven, Virtual Sponsoring Sessions for One or More
User Selected Topics Through User Designed Virtual Sponsors.
United States patent application. US 13/384,090.

Drmanac, R., Peters, B.A., Alexeev, A., 2013. Multiple Tagging of Indi-
vidual Long DNA Fragments. US20140323316 A1.

168 Molecular Diagnostics



Drmanac, R., Peters, B.A., Alexeev, A., Hong, P., 2010a. Methods and

Compositions for Long Fragment Read Sequencing. US 8592150 B2.
Drmanac, R., Sparks, A.B., Callow, M.J., Halpern, A.L., Burns, N.L.,

Kermani, B.G., Carnevali, P., Nazarenko, I., Nilsen, G.B., Yeung, G.,

Dahl, F., Fernandez, A., Staker, B., Pant, K.P., Baccash, J.,
Borcherding, A.P., Brownley, A., Cedeno, R., Chen, L.,
Chernikoff, D., Cheung, A., Chirita, R., Curson, B., Ebert, J.C.,
Hacker, C.R., Hartlage, R., Hauser, B., Huang, S., Jiang, Y.,

Karpinchyk, V., Koenig, M., Kong, C., Landers, T., Le, C., Liu, J.,
Mcbride, C.E., Morenzoni, M., Morey, R.E., Mutch, K., Perazich, H.,
Perry, K., Peters, B.A., Peterson, J., Pethiyagoda, C.L., Pothuraju, K.,

Richter, C., Rosenbaum, A.M., Roy, S., Shafto, J., Sharanhovich, U.,
Shannon, K.W., Sheppy, C.G., Sun, M., Thakuria, J.V., Tran, A.,
Vu, D., Zaranek, A.W., Wu, X., Drmanac, S., Oliphant, A.R.,

Banyai, W.C., Martin, B., Ballinger, D.G., Church, G.M., Reid, C.A.,
2010b. Human genome sequencing using unchained base reads on
self-assembling DNA nanoarrays. Science 327, 78e81.

Epi, K.C., Epilepsy Phenome/Genome Project, Allen, A.S., Berkovic, S.F.,
Cossette, P., Delanty, N., Dlugos, D., Eichler, E.E., Epstein, M.P.,
Glauser, T., Goldstein, D.B., Han, Y., Heinzen, E.L., Hitomi, Y.,
Howell, K.B., Johnson, M.R., Kuzniecky, R., Lowenstein, D.H.,

Lu, Y.F., Madou, M.R., Marson, A.G., Mefford, H.C., Esmaeeli
Nieh, S., O’Brien, T.J., Ottman, R., Petrovski, S., Poduri, A.,
Ruzzo, E.K., Scheffer, I.E., Sherr, E.H., Yuskaitis, C.J., Abou-

Khalil, B., Alldredge, B.K., Bautista, J.F., Berkovic, S.F., Boro, A.,
Cascino, G.D., Consalvo, D., Crumrine, P., Devinsky, O., Dlugos, D.,
Epstein, M.P., Fiol, M., Fountain, N.B., French, J., Friedman, D.,

Geller, E.B., Glauser, T., Glynn, S., Haut, S.R., Hayward, J.,
Helmers, S.L., Joshi, S., Kanner, A., Kirsch, H.E., Knowlton, R.C.,
Kossoff, E.H., Kuperman, R., Kuzniecky, R., Lowenstein, D.H.,
Mcguire, S.M., Motika, P.V., Novotny, E.J., Ottman, R.,

Paolicchi, J.M., Parent, J.M., Park, K., Poduri, A., Scheffer, I.E.,
Shellhaas, R.A., Sherr, E.H., Shih, J.J., Singh, R., Sirven, J.,
Smith, M.C., Sullivan, J., Lin Thio, L., Venkat, A., Vining, E.P., Von

Allmen, G.K., Weisenberg, J.L., Widdess-Walsh, P., Winawer, M.R.,
2013. De novo mutations in epileptic encephalopathies. Nature 501,
217e221.

ESHRE, 2012. Assisted Reproductive Technology and Intrauterine In-
seminations in Europe, 2009: Results Generated From European
Registers by ESHRE, Presented at 2012 Annual Meeting of Eshre,

Istanbul.
Francioli, L.C., Polak, P.P., Koren, A., Menelaou, A., Chun, S.,

Renkens, I., Genome of The Netherlands, Consortium, Van
Duijn, C.M., Swertz, M., Wijmenga, C., Van Ommen, G.,

Slagboom, P.E., Boomsma, D.I., Ye, K., Guryev, V., Arndt, P.F.,
Kloosterman, W.P., De Bakker, P.I., Sunyaev, S.R., 2015. Genome-
wide patterns and properties of de novo mutations in humans. Nat.

Genet. 47, 822e826.
Gilissen, C., Hehir-Kwa, J.Y., Thung, D.T., Van De Vorst, M., Van

Bon, B.W., Willemsen, M.H., Kwint, M., Janssen, I.M.,

Hoischen, A., Schenck, A., Leach, R., Klein, R., Tearle, R., Bo, T.,
Pfundt, R., Yntema, H.G., De Vries, B.B., Kleefstra, T.,
Brunner, H.G., Vissers, L.E., Veltman, J.A., 2014. Genome
sequencing identifies major causes of severe intellectual disability.

Nature 511, 344e347.
Gratten, J., Wray, N.R., Keller, M.C., Visscher, P.M., 2014. Large-scale

genomics unveils the genetic architecture of psychiatric disorders.

Nat. Neurosci. 17, 782e790.

Hamilton, B.A., Yu, B.D., 2012. Modifier genes and the plasticity of ge-

netic networks in mice. PLoS Genet. 8, e1002644.
Hassold, T., Hunt, P., 2009. Maternal age and chromosomally abnormal

pregnancies: what we know and what we wish we knew. Curr. Opin.

Pediatr. 21, 703e708.
Hood, L., Price, N.D., 2014. Demystifying disease, democratizing health

care. Sci. Transl. Med. 6, 225ed5.
Iossifov, I., O’Roak, B.J., Sanders, S.J., Ronemus, M., Krumm, N.,

Levy, D., Stessman, H.A., Witherspoon, K.T., Vives, L.,
Patterson, K.E., Smith, J.D., Paeper, B., Nickerson, D.A., Dea, J.,
Dong, S., Gonzalez, L.E., Mandell, J.D., Mane, S.M., Murtha, M.T.,

Sullivan, C.A., Walker, M.F., Waqar, Z., Wei, L., Willsey, A.J.,
Yamrom, B., Lee, Y.H., Grabowska, E., Dalkic, E., Wang, Z.,
Marks, S., Andrews, P., Leotta, A., Kendall, J., Hakker, I.,

Rosenbaum, J., Ma, B., Rodgers, L., Troge, J., Narzisi, G., Yoon, S.,
Schatz, M.C., Ye, K., Mccombie, W.R., Shendure, J., Eichler, E.E.,
State, M.W., Wigler, M., 2014. The contribution of de novo coding

mutations to autism spectrum disorder. Nature 515, 216e221.
Jiang, Y.H., Yuen, R.K., Jin, X., Wang, M., Chen, N., Wu, X., Ju, J.,

Mei, J., Shi, Y., He, M., Wang, G., Liang, J., Wang, Z., Cao, D.,
Carter, M.T., Chrysler, C., Drmic, I.E., Howe, J.L., Lau, L.,

Marshall, C.R., Merico, D., Nalpathamkalam, T.,
Thiruvahindrapuram, B., Thompson, A., Uddin, M., Walker, S.,
Luo, J., Anagnostou, E., Zwaigenbaum, L., Ring, R.H., Wang, J.,

Lajonchere, C., Wang, J., Shih, A., Szatmari, P., Yang, H.,
Dawson, G., Li, Y., Scherer, S.W., 2013. Detection of clinically
relevant genetic variants in autism spectrum disorder by whole-

genome sequencing. Am. J. Hum. Genet. 93, 249e263.
Jones, N., Kiely, J., Suraci, B., Collins, D.J., De Lorenzo, D.,

Pickering, C., Grimaldi, K.A., 2016. A genetic-based algorithm for
personalized resistance training. Biol. Sport 33, 117e126.

Kaper, F., Swamy, S., Klotzle, B., Munchel, S., Cottrell, J., Bibikova, M.,
Chuang, H.Y., Kruglyak, S., Ronaghi, M., Eberle, M.A., Fan, J.B.,
2013. Whole-genome haplotyping by dilution, amplification, and

sequencing. Proc. Natl. Acad. Sci. U. S. A. 110, 5552e5557.
Karageorgos, I., Mizzi, C., Giannopoulou, E., Pavlidis, C., Peters, B.A.,

Zagoriti, Z., Stenson, P.D., Mitropoulos, K., Borg, J., Kalofonos, H.P.,

Drmanac, R., Stubbs, A., van der Spek, P., Cooper, D.N., Katsila, T.,
Patrinos, G.P., 2015. Identification of cancer predisposition variants in
apparently healthy individuals using a next-generation sequencing-

based family genomics approach. Hum. Genomics 9, 12.
Kim, J.I., Ju, Y.S., Park, H., Kim, S., Lee, S., Yi, J.H., Mudge, J.,

Miller, N.A., Hong, D., Bell, C.J., Kim, H.S., Chung, I.S., Lee, W.C.,
Lee, J.S., Seo, S.H., Yun, J.Y., Woo, H.N., Lee, H., Suh, D.,

Kim, H.J., Yavartanoo, M., Kwak, M., Zheng, Y., Lee, M.K.,
Kim, J.Y., Gokcumen, O., Mills, R.E., Zaranek, A.W., Thakuria, J.,
Wu, X., Kim, R.W., Huntley, J.J., Luo, S., Schroth, G.P., Wu, T.D.,

Kim, H., Yang, K.S., Park, W.Y., Church, G.M., Lee, C.,
Kingsmore, S.F., Seo, J.S., 2009. A highly annotated whole-genome
sequence of a Korean individual. Nature 460, 1011e1015.

Kong, A., Frigge, M.L., Masson, G., Besenbacher, S., Sulem, P.,
Magnusson, G., Gudjonsson, S.A., Sigurdsson, A., Jonasdottir, A.,
Wong, W.S., Sigurdsson, G., Walters, G.B., Steinberg, S.,
Helgason, H., Thorleifsson, G., Gudbjartsson, D.F., Helgason, A.,

Magnusson, O.T., Thorsteinsdottir, U., Stefansson, K., 2012. Rate of
de novo mutations and the importance of father’s age to disease risk.
Nature 488, 471e475.

Advanced Personal Genome Sequencing as the Ultimate Diagnostic Test Chapter | 9 169



Kuleshov, V., Xie, D., Chen, R., Pushkarev, D., Ma, Z.,

Blauwkamp, T., Kertesz, M., Snyder, M., 2014. Whole-genome
haplotyping using long reads and statistical methods. Nat. Bio-
technol. 32, 261e266.

Levene, M.J., Korlach, J., Turner, S.W., Foquet, M., Craighead, H.G.,
Webb, W.W., 2003. Zero-mode waveguides for single-molecule
analysis at high concentrations. Science 299, 682e686.

Ley, T.J., Mardis, E.R., Ding, L., Fulton, B., Mclellan, M.D., Chen, K.,

Dooling, D., Dunford-Shore, B.H., Mcgrath, S., Hickenbotham, M.,
Cook, L., Abbott, R., Larson, D.E., Koboldt, D.C., Pohl, C., Smith, S.,
Hawkins, A., Abbott, S., Locke, D., Hillier, L.W., Miner, T.,

Fulton, L., Magrini, V., Wylie, T., Glasscock, J., Conyers, J.,
Sander, N., Shi, X., Osborne, J.R., Minx, P., Gordon, D.,
Chinwalla, A., Zhao, Y., Ries, R.E., Payton, J.E., Westervelt, P.,

Tomasson, M.H., Watson, M., Baty, J., Ivanovich, J., Heath, S.,
Shannon, W.D., Nagarajan, R., Walter, M.J., Link, D.C.,
Graubert, T.A., Dipersio, J.F., Wilson, R.K., 2008. DNA sequencing

of a cytogenetically normal acute myeloid leukaemia genome. Nature
456, 66e72.

Mak, A.C., Lai, Y.Y., Lam, E.T., Kwok, T.P., Leung, A.K., Poon, A.,
Mostovoy, Y., Hastie, A.R., Stedman, W., Anantharaman, T.,

Andrews, W., Zhou, X., Pang, A.W., Dai, H., Chu, C., Lin, C.,
Wu, J.J., Li, C.M., Li, J.W., Yim, A.K., Chan, S., Sibert, J.,
Dzakula, Z., Cao, H., Yiu, S.M., Chan, T.F., Yip, K.Y., Xiao, M.,

Kwok, P.Y., 2016. Genome-wide structural variation detection by
genome mapping on nanochannel arrays. Genetics 202, 351e362.

Matthews, T.J., Macdorman, M.F., Thoma, M.E., 2015. Infant mortality

statistics from the 2013 period linked birth/infant death data set. Natl.
Vital Stat. Rep. 64, 1e30.

Mckernan, K.J., Peckham, H.E., Costa, G.L., Mclaughlin, S.F., Fu, Y.,
Tsung, E.F., Clouser, C.R., Duncan, C., Ichikawa, J.K., Lee, C.C.,

Zhang, Z., Ranade, S.S., Dimalanta, E.T., Hyland, F.C.,
Sokolsky, T.D., Zhang, L., Sheridan, A., Fu, H., Hendrickson, C.L.,
Li, B., Kotler, L., Stuart, J.R., Malek, J.A., Manning, J.M.,

Antipova, A.A., Perez, D.S., Moore, M.P., Hayashibara, K.C.,
Lyons, M.R., Beaudoin, R.E., Coleman, B.E., Laptewicz, M.W.,
Sannicandro, A.E., Rhodes, M.D., Gottimukkala, R.K., Yang, S.,

Bafna, V., Bashir, A., Macbride, A., Alkan, C., Kidd, J.M.,
Eichler, E.E., Reese, M.G., De La Vega, F.M., Blanchard, A.P., 2009.
Sequence and structural variation in a human genome uncovered by

short-read, massively parallel ligation sequencing using two-base
encoding. Genome Res. 19, 1527e1541.

Michaelson, J.J., Shi, Y., Gujral, M., Zheng, H., Malhotra, D., Jin, X.,
Jian, M., Liu, G., Greer, D., Bhandari, A., Wu, W., Corominas, R.,

Peoples, A., Koren, A., Gore, A., Kang, S., Lin, G.N., Estabillo, J.,
Gadomski, T., Singh, B., Zhang, K., Akshoomoff, N., Corsello, C.,
Mccarroll, S., Iakoucheva, L.M., Li, Y., Wang, J., Sebat, J., 2012.

Whole-genome sequencing in autism identifies hot spots for de novo
germline mutation. Cell 151, 1431e1442.

Miller, N.A., Farrow, E.G., Gibson, M., Willig, L.K., Twist, G., Yoo, B.,

Marrs, T., Corder, S., Krivohlavek, L., Walter, A., Petrikin, J.E.,
Saunders, C.J., Thiffault, I., Soden, S.E., Smith, L.D.,
Dinwiddie, D.L., Herd, S., Cakici, J.A., Catreux, S., Ruehle, M.,
Kingsmore, S.F., 2015. A 26-hour system of highly sensitive whole

genome sequencing for emergency management of genetic diseases.
Genome Med. 7, 100.

Mizzi, C., Peters, B., Mitropoulou, C., Mitropoulos, K., Katsila, T.,

Agarwal, M.R., Van Schaik, R.H., Drmanac, R., Borg, J.,

Patrinos, G.P., 2014. Personalized pharmacogenomics profiling using

whole-genome sequencing. Pharmacogenomics 15, 1223e1234.
Moore, G.E., 1965. Cramming more components onto integrated circuits.

Electronics 38, 114e117.

Munne, S., Alikani, M., Tomkin, G., Grifo, J., Cohen, J., 1995. Embryo
morphology, developmental rates, and maternal age are correlated
with chromosome abnormalities. Fertil. Steril. 64, 382e391.

Nagrath, S., Sequist, L.V., Maheswaran, S., Bell, D.W., Irimia, D.,

Ulkus, L., Smith, M.R., Kwak, E.L., Digumarthy, S., Muzikansky, A.,
Ryan, P., Balis, U.J., Tompkins, R.G., Haber, D.A., Toner, M., 2007.
Isolation of rare circulating tumour cells in cancer patients by

microchip technology. Nature 450, 1235e1239.
Nakagawa, T., Martinez, S.R., Goto, Y., Koyanagi, K., Kitago, M.,

Shingai, T., Elashoff, D.A., Ye, X., Singer, F.R., Giuliano, A.E.,

Hoon, D.S., 2007. Detection of circulating tumor cells in early-stage
breast cancer metastasis to axillary lymph nodes. Clin. Cancer Res.
13, 4105e4110.

Nyegaard, M., Overgaard, M.T., Sondergaard, M.T., Vranas, M.,
Behr, E.R., Hildebrandt, L.L., Lund, J., Hedley, P.L., Camm, A.J.,
Wettrell, G., Fosdal, I., Christiansen, M., Borglum, A.D., 2012. Mu-
tations in calmodulin cause ventricular tachycardia and sudden cardiac

death. Am. J. Hum. Genet. 91, 703e712.
O’Roak, B.J., Deriziotis, P., Lee, C., Vives, L., Schwartz, J.J.,

Girirajan, S., Karakoc, E., Mackenzie, A.P., Ng, S.B., Baker, C.,

Rieder, M.J., Nickerson, D.A., Bernier, R., Fisher, S.E., Shendure, J.,
Eichler, E.E., 2011. Exome sequencing in sporadic autism spectrum
disorders identifies severe de novo mutations. Nat. Genet. 43,

585e589.
O’Roak, B.J., Vives, L., Girirajan, S., Karakoc, E., Krumm, N., Coe, B.P.,

Levy, R., Ko, A., Lee, C., Smith, J.D., Turner, E.H., Stanaway, I.B.,
Vernot, B., Malig, M., Baker, C., Reilly, B., Akey, J.M.,

Borenstein, E., Rieder, M.J., Nickerson, D.A., Bernier, R.,
Shendure, J., Eichler, E.E., 2012. Sporadic autism exomes reveal a
highly interconnected protein network of de novo mutations. Nature

485, 246e250.
Peters, B.A., Kermani, B.G., Alferov, O., Agarwal, M.R.,

Mcelwain, M.A., Gulbahce, N., Hayden, D.M., Tang, Y.T.,

Zhang, R.Y., Tearle, R., Crain, B., Prates, R., Berkeley, A.,
Munne, S., Drmanac, R., 2015. Detection and phasing of single base
de novo mutations in biopsies from human in vitro fertilized embryos

by advanced whole-genome sequencing. Genome Res. 25, 426e434.
Peters, B.A., Kermani, B.G., Sparks, A.B., Alferov, O., Hong, P.,

Alexeev, A., Jiang, Y., Dahl, F., Tang, Y.T., Haas, J., Robasky, K.,
Zaranek, A.W., Lee, J.H., Ball, M.P., Peterson, J.E., Perazich, H.,

Yeung, G., Liu, J., Chen, L., Kennemer, M.I., Pothuraju, K.,
Konvicka, K., Tsoupko-Sitnikov, M., Pant, K.P., Ebert, J.C.,
Nilsen, G.B., Baccash, J., Halpern, A.L., Church, G.M., Drmanac, R.,

2012. Accurate whole-genome sequencing and haplotyping from 10 to
20 human cells. Nature 487, 190e195.

Peters, B.A., Liu, J., Drmanac, R., 2014. Co-barcoded sequence reads from

long DNA fragments: a cost-effective solution for “perfect genome”
sequencing. Front. Genet. 5, 466.

Pushkarev, D., Neff, N.F., Quake, S.R., 2009. Single-molecule sequencing
of an individual human genome. Nat. Biotechnol. 27, 847e852.

Rack, B., Schindlbeck, C., Juckstock, J., Andergassen, U., Hepp, P.,
Zwingers, T., Friedl, T.W., Lorenz, R., Tesch, H., Fasching, P.A.,
Fehm, T., Schneeweiss, A., Lichtenegger, W., Beckmann, M.W.,

Friese, K., Pantel, K., Janni, W., Group, S.S., 2014. Circulating tumor

170 Molecular Diagnostics



cells predict survival in early average-to-high risk breast cancer pa-

tients. J. Natl. Cancer Inst. 106.
Richards, J., Korgenski, E.K., Srivastava, R., Bonkowsky, J.L., 2015.

Costs of the diagnostic odyssey in children with inherited leukodys-

trophies. Neurology 85, 1167e1170.
Riethdorf, S., Fritsche, H., Muller, V., Rau, T., Schindlbeck, C., Rack, B.,

Janni, W., Coith, C., Beck, K., Janicke, F., Jackson, S., Gornet, T.,
Cristofanilli, M., Pantel, K., 2007. Detection of circulating tumor cells

in peripheral blood of patients with metastatic breast cancer: a vali-
dation study of the CellSearch system. Clin. Cancer Res. 13,
920e928.

Rosenberg, H., Pollock, N., Schiemann, A., Bulger, T., Stowell, K., 2015.
Malignant hyperthermia: a review. Orphanet J. Rare Dis. 10, 93.

Saiki, R.K., Scharf, S., Faloona, F., Mullis, K.B., Horn, G.T., Erlich, H.A.,

Arnheim, N., 1985. Enzymatic amplification of beta-globin genomic
sequences and restriction site analysis for diagnosis of sickle cell
anemia. Science 230, 1350e1354.

Samocha, K.E., Robinson, E.B., Sanders, S.J., Stevens, C., Sabo, A.,
Mcgrath, L.M., Kosmicki, J.A., Rehnstrom, K., Mallick, S., Kirby, A.,
Wall, D.P., Macarthur, D.G., Gabriel, S.B., Depristo, M.,
Purcell, S.M., Palotie, A., Boerwinkle, E., Buxbaum, J.D.,

Cook Jr., E.H., Gibbs, R.A., Schellenberg, G.D., Sutcliffe, J.S.,
Devlin, B., Roeder, K., Neale, B.M., Daly, M.J., 2014. A framework
for the interpretation of de novo mutation in human disease. Nat.

Genet. 46, 944e950.
Sanders, S.J., Murtha, M.T., Gupta, A.R., Murdoch, J.D., Raubeson, M.J.,

Willsey, A.J., Ercan-Sencicek, A.G., Dilullo, N.M., Parikshak, N.N.,

Stein, J.L., Walker, M.F., Ober, G.T., Teran, N.A., Song, Y., El-
Fishawy, P., Murtha, R.C., Choi, M., Overton, J.D., Bjornson, R.D.,
Carriero, N.J., Meyer, K.A., Bilguvar, K., Mane, S.M., Sestan, N.,
Lifton, R.P., Gunel, M., Roeder, K., Geschwind, D.H., Devlin, B.,

State, M.W., 2012. De novo mutations revealed by whole-exome
sequencing are strongly associated with autism. Nature 485, 237e241.

Sausen, M., Parpart, S., Diaz Jr., L.A., 2014. Circulating tumor DNA

moves further into the spotlight. Genome Med. 6, 35.
Schaaf, C.P., Gonzalez-Garay, M.L., Xia, F., Potocki, L., Gripp, K.W.,

Zhang, B., Peters, B.A., Mcelwain, M.A., Drmanac, R.,

Beaudet, A.L., Caskey, C.T., Yang, Y., 2013. Truncating mutations of
MAGEL2 cause Prader-Willi phenotypes and autism. Nat. Genet. 45,
1405e1408.

Scott Jr., R.T., Upham, K.M., Forman, E.J., Zhao, T., Treff, N.R., 2013.
Cleavage-stage biopsy significantly impairs human embryonic im-
plantation potential while blastocyst biopsy does not: a randomized
and paired clinical trial. Fertil. Steril.

Shah, S., Schrader, K.A., Waanders, E., Timms, A.E., Vijai, J.,
Miething, C., Wechsler, J., Yang, J., Hayes, J., Klein, R.J., Zhang, J.,
Wei, L., Wu, G., Rusch, M., Nagahawatte, P., Ma, J., Chen, S.C.,

Song, G., Cheng, J., Meyers, P., Bhojwani, D., Jhanwar, S.,
Maslak, P., Fleisher, M., Littman, J., Offit, L., Rau-Murthy, R.,
Fleischut, M.H., Corines, M., Murali, R., Gao, X., Manschreck, C.,

Kitzing, T., Murty, V.V., Raimondi, S.C., Kuiper, R.P., Simons, A.,
Schiffman, J.D., Onel, K., Plon, S.E., Wheeler, D.A., Ritter, D.,
Ziegler, D.S., Tucker, K., Sutton, R., Chenevix-Trench, G., Li, J.,
Huntsman, D.G., Hansford, S., Senz, J., Walsh, T., Lee, M.,

Hahn, C.N., Roberts, K.G., King, M.C., Lo, S.M., Levine, R.L.,
Viale, A., Socci, N.D., Nathanson, K.L., Scott, H.S., Daly, M.,
Lipkin, S.M., Lowe, S.W., Downing, J.R., Altshuler, D.,

Sandlund, J.T., Horwitz, M.S., Mullighan, C.G., Offit, K., 2013.

A recurrent germline PAX5 mutation confers susceptibility to pre-B

cell acute lymphoblastic leukemia. Nat. Genet. 45, 1226e1231.
Smith, L.M., Sanders, J.Z., Kaiser, R.J., Hughes, P., Dodd, C.,

Connell, C.R., Heiner, C., Kent, S.B., Hood, L.E., 1986. Fluorescence

detection in automated DNA sequence analysis. Nature 321,
674e679.

Steiner, B., Masood, R., Rufibach, K., Niedrist, D., Kundert, O.,
Riegel, M., Schinzel, A., 2015. An unexpected finding: younger fa-

thers have a higher risk for offspring with chromosomal aneuploidies.
Eur. J. Hum. Genet. 23, 466e472.

Veltman, J.A., Brunner, H.G., 2012. De novo mutations in human genetic

disease. Nat. Rev. Genet. 13, 565e575.
Vissers, L.E., Gilissen, C., Veltman, J.A., 2016. Genetic studies in intel-

lectual disability and related disorders. Nat. Rev. Genet. 17, 9e18.

Wang, J., Wang, W., Li, R., Li, Y., Tian, G., Goodman, L., Fan, W.,
Zhang, J., Li, J., Guo, Y., Feng, B., Li, H., Lu, Y., Fang, X.,
Liang, H., Du, Z., Li, D., Zhao, Y., Hu, Y., Yang, Z., Zheng, H.,

Hellmann, I., Inouye, M., Pool, J., Yi, X., Zhao, J., Duan, J.,
Zhou, Y., Qin, J., Ma, L., Li, G., Zhang, G., Yang, B., Yu, C.,
Liang, F., Li, W., Li, S., Ni, P., Ruan, J., Li, Q., Zhu, H., Liu, D.,
Lu, Z., Li, N., Guo, G., Ye, J., Fang, L., Hao, Q., Chen, Q.,

Liang, Y., Su, Y., San, A., Ping, C., Yang, S., Chen, F., Li, L.,
Zhou, K., Ren, Y., Yang, L., Gao, Y., Yang, G., Li, Z., Feng, X.,
Kristiansen, K., Wong, G.K., Nielsen, R., Durbin, R., Bolund, L.,

Zhang, X., Yang, H., 2008. The diploid genome sequence of an
Asian individual. Nature 456, 60e65.

Wendel, M., Bazhenova, L., Boshuizen, R., Kolatkar, A., Honnatti, M.,

Cho, E.H., Marrinucci, D., Sandhu, A., Perricone, A.,
Thistlethwaite, P., Bethel, K., Nieva, J., Heuvel, M., Kuhn, P., 2012.
Fluid biopsy for circulating tumor cell identification in patients with
early-and late-stage non-small cell lung cancer: a glimpse into lung

cancer biology. Phys. Biol. 9, 016005.
Wheeler, D.A., Srinivasan, M., Egholm, M., Shen, Y., Chen, L.,

Mcguire, A., He, W., Chen, Y.J., Makhijani, V., Roth, G.T.,

Gomes, X., Tartaro, K., Niazi, F., Turcotte, C.L., Irzyk, G.P.,
Lupski, J.R., Chinault, C., Song, X.Z., Liu, Y., Yuan, Y., Nazareth, L.,
Qin, X., Muzny, D.M., Margulies, M., Weinstock, G.M., Gibbs, R.A.,

Rothberg, J.M., 2008. The complete genome of an individual by
massively parallel DNA sequencing. Nature 452, 872e876.

Wong, W.S., Solomon, B.D., Bodian, D.L., Kothiyal, P., Eley, G.,

Huddleston, K.C., Baker, R., Thach, D.C., Iyer, R.K., Vockley, J.G.,
Niederhuber, J.E., 2016. New observations on maternal age effect on
germline de novo mutations. Nat. Commun. 7, 10486.

Worthey, E.A., Mayer, A.N., Syverson, G.D., Helbling, D., Bonacci, B.B.,

Decker, B., Serpe, J.M., Dasu, T., Tschannen, M.R., Veith, R.L.,
Basehore, M.J., Broeckel, U., Tomita-Mitchell, A., Arca, M.J.,
Casper, J.T., Margolis, D.A., Bick, D.P., Hessner, M.J., Routes, J.M.,

Verbsky, J.W., Jacob, H.J., Dimmock, D.P., 2011. Making a definitive
diagnosis: successful clinical application of whole exome sequencing
in a child with intractable inflammatory bowel disease. Genet. Med.

13, 255e262.
Yang, Y., Muzny, D.M., Reid, J.G., Bainbridge, M.N., Willis, A.,

Ward, P.A., Braxton, A., Beuten, J., Xia, F., Niu, Z., Hardison, M.,
Person, R., Bekheirnia, M.R., Leduc, M.S., Kirby, A., Pham, P.,

Scull, J., Wang, M., Ding, Y., Plon, S.E., Lupski, J.R., Beaudet, A.L.,
Gibbs, R.A., Eng, C.M., 2013. Clinical whole-exome sequencing for
the diagnosis of Mendelian disorders. N. Engl. J. Med. 369,

1502e1511.

Advanced Personal Genome Sequencing as the Ultimate Diagnostic Test Chapter | 9 171



Zhang, J., Walsh, M.F., Wu, G., Edmonson, M.N., Gruber, T.A.,

Easton, J., Hedges, D., Ma, X., Zhou, X., Yergeau, D.A.,
Wilkinson, M.R., Vadodaria, B., Chen, X., Mcgee, R.B., Hines-
Dowell, S., Nuccio, R., Quinn, E., Shurtleff, S.A., Rusch, M.,

Patel, A., Becksfort, J.B., Wang, S., Weaver, M.S., Ding, L.,
Mardis, E.R., Wilson, R.K., Gajjar, A., Ellison, D.W., Pappo, A.S.,
Pui, C.H., Nichols, K.E., Downing, J.R., 2015. Germline mutations in
predisposition genes in Pediatric Cancer. N. Engl. J. Med. 373,

2336e2346.
Zheng, G.X., Lau, B.T., Schnall-Levin, M., Jarosz, M., Bell, J.M.,

Hindson, C.M., Kyriazopoulou-Panagiotopoulou, S., Masquelier, D.A.,

Merrill, L., Terry, J.M., Mudivarti, P.A., Wyatt, P.W., Bharadwaj, R.,

Makarewicz, A.J., Li, Y., Belgrader, P., Price, A.D., Lowe, A.J.,

Marks, P., Vurens, G.M., Hardenbol, P., Montesclaros, L., Luo, M.,
Greenfield, L., Wong, A., Birch, D.E., Short, S.W., Bjornson, K.P.,
Patel, P., Hopmans, E.S., Wood, C., Kaur, S., Lockwood, G.K.,

Stafford, D., Delaney, J.P., Wu, I., Ordonez, H.S., Grimes, S.M.,
Greer, S., Lee, J.Y., Belhocine, K., Giorda, K.M., Heaton, W.H.,
Mcdermott, G.P., Bent, Z.W., Meschi, F., Kondov, N.O., Wilson, R.,
Bernate, J.A., Gauby, S., Kindwall, A., Bermejo, C., Fehr, A.N.,

Chan, A., Saxonov, S., Ness, K.D., Hindson, B.J., Ji, H.P., 2016.
Haplotyping germline and cancer genomes with high-throughput
linked-read sequencing. Nat. Biotechnol.

172 Molecular Diagnostics



Chapter 10

Application of Padlock and Selector
Probes in Molecular Medicine

I. Hernández-Neuta1, A. Mezger1, L. Moens2, C. Larsson2, J. Stenberg2, J. Göransson2, I. Grundberg2,
M. Isaksson2, T. Conze2, S. Henriksson2 and M. Nilsson1,2

1Stockholm University, Solna, Sweden; 2Uppsala University, Uppsala, Sweden

10.1 INTRODUCTION

One of the rate-limiting factors in the progression of mo-
lecular medicine is the techniques available for molecular
analysis. Improvements in technology are often followed
by scientific breakthroughs, exemplified by techniques such
as molecular cloning, DNA sequencing, and polymerase
chain reaction (PCR). A common objective in molecular
medicine is to analyze the quantity and/or sequence of a
large number of candidate genes or loci of genetic varia-
tion. The number of genes under study is often significantly
larger than one and yet significantly fewer than all. This
intermediary range in the analytical spectrum is technically
challenging. Techniques that perform well when analyzing
individual targets do not automatically work well when
targeting multiple genes. Conversely, techniques that
enable the global analysis of virtually all genes are not cost-
effective and accurate enough to be implemented directly
for targeted analyses, particularly when aiming for di-
agnostics. In this chapter some approaches for targeted
multiplex analysis for genotyping and massively parallel
sequencing are described.

Another important area of investigation is to study
where in a complex tissue a particular gene or gene variant
is expressed. Here, existing in situ hybridization techniques
do not readily resolve single-nucleotide variants, or even
splice variants of genes. New techniques are needed to
improve the resolution of such single-cell analyses in the
intact context of tissue samples.

In this chapter, we will describe assays based on
padlock and selector probes, both employing DNA-ligase
assisted DNA circularization reactions. We will describe
some unique properties of these circularization approaches

and the advantages they bring. The assays have been used
for large-scale genotyping and sequencing of targeted parts
of the genome, DNA copy number analysis, infectious di-
agnostics, single-molecule detection, and in situ analysis
with high multiplex ability and single-nucleotide resolu-
tion. The different applications and techniques will be
described in the following sections.

10.2 PADLOCK AND SELECTOR PROBES

Both padlock and selector probe assays are based on highly
specific DNA ligase-catalyzed DNA circularization re-
actions (Figs. 10.1 and 10.2). Even if the overall architec-
ture of the assays is similar, the outcome of the
circularization reaction is different because ligation of
padlock probes is templated by the target sequence,
whereas it is the other way around in the selector probe
assay, as described subsequently. Circularization can be
performed by ligation only, after a gap-fill reaction or after
an invasive cleavage reaction (Figs. 10.1 and 10.2).

10.2.1 Padlock Probes

The padlock probe concept was invented by Ulf Landegren
in the early 1990s as a development of his oligonucleotide
ligation assay (Landegren et al., 1988) and was published in
1994 (Nilsson et al., 1994). A padlock probe consists of
three segments: two target complementary end-sequences
and a nontarget complementary element that links the end
sequences together. The target-complementary segments
are typically in the range of 15e22 nucleotides in length
and the linking segment is typically longer than the com-
bined length of the target-complementary segments. The
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linking segment can also be composed of a polymer other
than DNA, e.g., polyethylene glycol (Nilsson et al., 1994).
The padlock probe design is such that the ends of the probe
hybridize head to tail on the single-stranded target mole-
cule, forming a nicked DNA duplex that can be sealed by a
DNA ligase (Fig. 10.1A). The linking segment typically
harbors sequences for amplification (primer motifs) and
identification of the amplification product (tag sequences).
Amplification of padlock probes can be done using PCR,
rolling circle amplification (RCA), and exponential variants
of RCA [hyperbranched RCA (hRCA) and circle-to-circle
amplification (C2CA)] or combinations of them, which will
be described in the following sections.

10.2.2 Gap-Fill and Molecular Inversion
Probes

In the gap-fill variation of the padlock probe, the ends are
designed to hybridize a distance apart on the target. The
gap between the ends is then filled in by a polymerase
before circularization by ligation (Akhras et al., 2007;
Hardenbol et al., 2003; Porreca et al., 2007) (Fig. 10.2C).
The gap-fill padlock probes are described in more detail in
Section 10.6, where techniques for multiplexed targeted
resequencing are discussed. In the molecular inversion
probe (MIP) variant of gap-fill padlock probes, the gap
consists of a single nucleotide at a single-nucleotide

Target

Padlock probe

(B)(A)

Ligation

Gap-fill

Ligation

Inversion

FIGURE 10.1 The architecture of the padlock and molecular inversion probe assays. Both assays employ probe molecules consisting of 50-target
complementary sequences (blue), a linking segment (black) including sequences for amplification and identification (red), and a 30-target-complementary
sequence (yellow). The ends bind head-to-tail when the probe hybridizes to a denatured single-stranded target molecule (gray), forming a structure that can
be circularized through the action of one or several enzymatic reactions. (A) In the original padlock probe assay, the ends are joined by a DNA ligase.
(B) In the molecular inversion probe assay, a single-nucleotide gap is filled with a DNA polymerase to create a suitable structure for the DNA ligase-
assisted probe circularization. After an exonuclease clean-up of the sample, degrading linear target and probe molecules, thereby enriching for the
circularized molecules, the probe molecules are opened by degradation of uracil residues in the linking segment. The linearization serves to release the
probe molecules from the encircled target molecules, improving the amplification efficiency, and may also reduce probe-dependent amplification artifacts.

174 Molecular Diagnostics



polymorphism (SNP) position. The SNP is queried in four
separate tubes, each containing one of the deoxynucleotides
(dNTPs), a DNA polymerase, and a DNA ligase (Harden-
bol et al., 2003). Circularization is used in conjunction with
enzymatic cleavage of the linking segment, resulting in the
reacted probe being converted into a linear molecule with
the order of the segments inverted (Fig. 10.1B). At the
same time, unreacted probes are cleaved in two parts,
which reduces the risk of background signal in a

subsequent amplification reaction. The MIP has been
developed to construct highly multiplexed targeted geno-
typing assays (see Section 10.3).

10.2.3 Selector Probes

A selector probe resembles a padlock probe in that it consists
of three segments and the end segments are complementary
to a genomic target sequence. However, these ends are

Target Vector

Selector

Cleavage

Ligation

Ligation
(B)

(A)

(C)

Gapfill probep pTarget

Gapfill /
Ligation

FIGURE 10.2 The architecture of the selector and gap-fill padlock probe assays. (A) Similar to padlock probes, selector probes consist of a 50-target-
complementary sequence (blue), a linking segment containing sequences for universal amplification reagents (black), and a 30-target complementary
sequence (yellow). The linking segment is made double-stranded by hybridization to a complementary vector oligonucleotide (black). The partially
double-stranded selector probe acts as a template for a circularization of a specific genomic DNA fragment through two alternative routes. In the simplest
format the selector probe hybridizes to the ends of a denatured single-stranded restriction fragment containing the target sequence, forming a structure that
can be circularized by two ligation reactions. (B) Alternatively, the 50-end of a restriction fragment can be cleaved in a structure-specific endonucleolytic
“invasive” reaction to minimize the nontarget sequence content of a restriction fragment. After that reaction, a structure is formed that is identical to the
one in (A) that is circularized by two ligation reactions. (C) The gap-fill padlock probe ligation reaction acts through a completely different mechanism in
which the target strand is first replicated to fill the gap between the two target-complementary probe sequences of the gap-fill probe before a structure is
formed that can be circularized through the action of a DNA ligase. This approach does not require restriction digestion, which simplifies the assay design.
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designed to hybridize to each of the ends of a single-stranded
restriction fragment. Also, a general vector oligonucleotide
is hybridized to the internal segment of the selector probe,
allowing two ligation events to close the construct into a
circle (Fig. 10.2A). The circle is then composed of the tar-
geted genomic sequence, and the vector sequence. As an
alternative, the 50-part of the restriction fragment can be
trimmed before ligation. This is performed by hybridizing
the 50-end of the selector probe to an internal part of the target
fragment. A structure is thus formed that can be cut by a
structure-specific endonuclease, e.g., Taq polymerase, as
described by Lyamichev et al. (1993), in which the pro-
truding 50-part of the fragment is released (Fig. 10.2B).

10.3 APPLICATION OF PADLOCK AND
MOLECULAR INVERSION PROBES FOR
GENOTYPING

Padlock probes are well-suited for targeted multiplex
analysis of genetic variation. The probes require dual
recognition of the target sequence to become circularized,
providing sufficient specificity to probe unique sequences
in the genome (Antson et al., 2000; Lizardi et al., 1998).
Robust discrimination of single-nucleotide differences is
achieved as a result of the stringent substrate requirement of
the DNA ligase used in the circularization reaction
(Landegren et al., 1988). Finally, the unimolecular circu-
larization approach renders padlock probe-based multi-
plexed assays less prone to problems with cross-reactivity
than bimolecular assays such as multiplexed PCR. There-
fore a large number of circularization probes can be com-
bined in multiplexed assay without the problem of
interference (Banér et al., 2003; Hardenbol et al., 2003).
The probes are equipped with sequence motifs in the
linking segment that are used to sort the amplification
product from a multiplex padlock probe assay on a
microarray comprising tag-sequences that are designed to
be maximally divergent in sequence. The specificity of such
tagearray hybridizations is typically good enough for
genotyping, but when there are differences in the concen-
tration of different targets, such as in transcription profiling,
there are limitations in the dynamic range of this analysis
platform. This limitation has been overcome by introducing
a ligation-based tag-recognition coupled to localized RCA
signal amplification (Ericsson et al., 2008).

The padlock probe in its original design has been used
in moderately multiplexed assays for infectious disease
diagnostics (see Section 10.5.1), in situ genotyping and
detection assays (see Section 10.8), and genotyping (Banér
et al., 2003; van Eijk et al., 2004), and to determine which
T-cell receptor is expressed in clonally expanded T-cell
populations by probing for the expression of the entire
repertoire of Vb genes (Banér et al., 2005).

10.3.1 Genotyping Using Padlock Probes
and Hyperbranched Rolling Circle
Amplification

The surprising finding that small DNA circles can also
template rolling circle DNA synthesis was shown inde-
pendently by Fire and Xu (Fire and Xu, 1995) and Kool
et al. (Liu et al., 1996). Here, the DNA polymerase rep-
licates a circular DNA template repeatedly, building a
long single-stranded tandem repeated product. Padlock
probes were coupled early to this RCA mechanism (Banér
et al., 1998; Lizardi et al., 1998; Zhang et al., 1998), which
has been critical to many of the applications discussed
later in this chapter. V29 DNA polymerase has been
shown to be particularly well-suited for RCA, perhaps
because of the combination of strand displacement activ-
ity, high processivity, and both single-stranded and
double-stranded 30-exonucleolytic (proofreading) activity
(Banér et al., 1998; Lizardi et al., 1998; Salas et al., 2004).
One of the first applications of padlock probe RCA used
an exponential version of the technique called hRCA
(Banér et al., 1998; Lizardi et al., 1998; Zhang et al.,
1998). Here, the RCA is performed with a forward and a
reverse primer, just like in PCR, but in this case every
primer binding event gives rise to multiple copies of the
tandem-repeated RCA product and the process is
isothermal because the product strands are separated
through the strand displacement activity of the DNA po-
lymerase. The same mechanism, coupled with random
hexamer primer libraries, is used in the multiple strand
displacement amplification employed to amplify the con-
tent of DNA samples uniformly (Dean et al., 2002). The
amplification is exponential, allowing for rapid detection
of SNPs. Genotyping assays have been developed based
on different incarnations of this technique, using PCR
products or genomic DNA as template, and calling the
alleles in separate tubes using intercalating dyes or in one
tube using primers that emit fluorescence when consumed
in the reaction (Alsmadi et al., 2003; Faruqi et al., 2001;
Pickering et al., 2002; Thomas et al., 1999).

10.3.2 Massively Multiplex Targeted
Genotyping Using Molecular Inversion
Probes

One significant application of circularization probes the
massively multiplexed targeted genotyping that has been
achieved with the MIPs. The method was initially devel-
oped at Stanford by Hardenbol et al. (2003) and then was
translated to 10,000-plex assays at the company ParAllele
(Hardenbol et al., 2005), which was later acquired by
Affymetrix (http://www.affymetrix.com). The technique
has been used in a variety of applications, as briefly
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described subsequently. A more detailed review of the MIP
assay was compiled by Absalan and Ronaghi (2007). The
assay is available as kits of probes and tag-microarrays to
obtain genotyping results from 1000 to 25,000 targeted
SNPs. The technique has been used in the human and
bovine HapMap projects (Consortium, 2005; Frazer et al.,
2007; Gibbs et al., 2003; Khatkar et al., 2007) to establish a
map of the most common haplotype blocks in these pop-
ulations and to investigate the extent of linkage disequi-
librium in populations of wild mice (Laurie et al., 2007).
The MIP assay has also been used in association studies to
map genes’ increasing susceptibility to type 1 diabetes
(Smyth et al., 2006), prostate cancer (Zheng et al., 2006),
and colorectal cancer (Zanke et al., 2007). The assay is also
suitable for analysis of degraded DNA, such as is found in
formalin-fixed paraffin-embedded (FFPE) tissue samples,
because of the short footprint of the probes and the fact that
the hybridization and ligation reactions are probably more
tolerant to DNA damage than are techniques that require
replication of the target strand, such as PCR (Wang et al.,
2005). These authors also demonstrated the technique’s use
in detecting copy number variations (CNVs) in the sample.
The assay is now commercialized by Affymetrix as its
OncoScan FFPE Express Service, which offers high-quality
copy number and genotype data with whole-genome
coverage and high resolution in cancer genes for use with
challenging FFPE samples (Wang et al., 2012).

10.4 BIOSENSOR APPROACHES BASED
ON ROLLING CIRCLEeAMPLIFIED
PADLOCK PROBES

The combination of the strictly target-dependent padlock probe
circularization reaction and the strictly circle-dependent RCA
reaction offers opportunities for novel biosensor approaches
enabling single-molecule detection in multiplexed assays.
Some of these approaches will be described in this section.

10.4.1 Homogenous Amplified Single-
Molecule Detection

Most methods used for molecular analyses measure an
average of a molecular population, for instance, based on
the fluorescence intensity of a reporter molecule. To reach
ultimate precision and quantification, however, a digital
readout is required, enabling the counting of individual
molecules. Current techniques for direct single-molecule
detection (SMD), especially ones with fluorescence
readout of the results, demand highly advanced equipment
and are often slow and not robust.

An alternative approach is based on amplified SMD, in
which individual molecules are clonally amplified and
detected. Detection of single templates with PCR was first

demonstrated by Li et al. (1988), in which single human
sperm cells were added to individual reactions to allow
the detection of recombination events in the male germ-
line. A decade later, Vogelstein and Kinzler (1999) used
single-molecule PCRs to achieve digital quantification of
somatic mutations. Instead of recording the degree of
amplification, the reactions were treated as binary calls
(“yes” or “no” answer), and the technique was therefore
called “digital PCR.” Analysis of single DNA molecules
was achieved by diluting the sample in microtiter plates to
the extent that on average, only every second well con-
tained a template. Digital PCR has been further developed
by replacing the well compartments with oilewater
micelle microreactors containing microbeads enabling
higher throughput. With this strategy, the locally ampli-
fied products are fluorescently labeled according to their
target sequence and analyzed with flow cytometry
(Dressman et al., 2003). However, emulsion PCR is
mainly used as an amplification method to create single-
molecule clones as templates for several next-generation
sequencing strategies.

Another way to transform a population of DNA mole-
cules to amplified single molecules, and thus preserve its
digital nature, is to use RCA. Interestingly, the long DNA
threads produced in the RCA collapse into a random coil
with a diameter of about 700 nm, creating inherently
localized DNA clusters (Melin et al., 2007). A local
enrichment of fluorescence up to a factor of 1000 can be
achieved in a homogeneous format by hybridizing
fluorescence-labeled oligonucleotide probes to the repeats
in the rolling-circle product (RCP), resulting in bright
fluorescent objects that are easily visualized using standard
fluorescence microscopy (Blab et al., 2004). The high
signal-to-noise ratio allows robust and rapid detection and
counting of amplified molecules by pumping the RCP so-
lution through a microfluidic channel mounted on a
confocal microscope operating in a scanning mode across
the width of the flow channel (Jarvius et al., 2006)
(Fig. 10.3).

A padlock probe is usually equipped with a tag, corre-
lating the reacted probe to its target sequence. Hence, different
RCP populations can be labeled with different types of fluo-
rescence and spectrally distinguished. In fact, amplification by
RCA is well-suited for multiplexing because the RCPs rarely
interact with each other, and even fully complementary RCPs
aggregate to a negligible degree (Melin et al., 2007). The
approach of counting individual RCPs homogeneously has
been used to detect and quantify different pathogens selec-
tively, as described in Section 10.5.1.

RCPs can be immobilized on different solid supports or
generated by a localized amplification reaction to obtain sur-
face-confined digital quantification objects. This approach has
been demonstrated on flat surfaces generating highly multi-
plex random single-molecule arrays (Göransson et al., 2009)
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and on beads (Sato et al., 2013; Schopf et al., 2011). This
principle has found different applications such as detecting
rare enzymatic events for theranostics (Juul et al., 2011) and
the sensitive detection of low-abundance surface-marker
proteins (Konry et al., 2011).

In an interesting approach, individual label-free RCPs
were counted using a resistive pulse-sensing nanopore
(Kühnemund and Nilsson, 2014). Voltage is applied
through a nanopore that is placed between two com-
partments, causing an ionic current that can be affected

by particles that pass through the nanopore. The ampli-
tude and the width of the current pulse are measured,
providing information about the size and charge of the
particle in a fast and simple setup (Roberts et al., 2010;
Vogel et al., 2011). RCPs attached to beads were
detected and quantified with this approach by dis-
tinguishing between the sizes of the particles that had
attached RCPs from blank particles. This was the first
time that reacted padlock probes were detected with a
free label scheme.

RCA and detection

~15nm

~700nm

In solution: 10nM

In RCP: 7µM

FIGURE 10.3 Padlock probe and rolling circle amplification (RCA)-based single-molecule detection. A padlock probe is circularized in a strictly target-
dependent ligation reaction. Then a long tandem-repeated DNA product is formed in a strictly circle-dependent RCA reaction, thus forming a rolling-circle
product (RCP) in a strictly target-dependent manner. The RCA product is labeled with fluorescence-tagged short oligonucleotide probes (red with yellow
star) that hybridize to a tag sequence in the product (red). The long product strand collapses in to a submicron-sized object owing to random coiling. The
local concentration of fluorescence tags in a product composed of 1000 copies of the circle is about 7 mM, compared with 10 nM in the surrounding
solution, which is sufficient to saturate the RCPs with fluorescence tags. This difference in concentration makes it possible to detect single RCPs in
solution with no need to wash away excess fluorescence tags.
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10.4.2 Magnetic Biosensor Approaches

Magnetic nanoparticles, commonly referred to as magnetic
beads, are applied in many research fields including
biotechnology, biomedicine, and drug discovery (Saiyed
et al., 2003). Several bioassays have been developed based
on the Brownian relaxation biosensor scheme. Here, the
susceptibility of magnetic beads to reorient in an AC field is
measured. The smaller the bead diameter, the more rapid is
its response to a shift in the electric field. This response has
a characteristic critical frequency, called the Brownian
relaxation frequency. In these biosensor approaches, small
magnetic beads are equipped with probes, and upon inter-
action with a target a slight decrease in relaxation frequency
can be observed as an effect of the increased hydrodynamic
volume of the magnetic bead. The frequency shift can be
recorded with a magnetometer, a superconducting quantum
interference device. In a study by Strömberg et al. (2008),
the Brownian relaxation principle was used to detect
padlock probe-generated RCPs. RCPs bound to magnetic
beads cause a dramatic shift in frequency because of their
large size and multivalent binding interactions between the
beads and the RCPs. This effect can easily be observed as a
loss of signal in the free-bead frequency domain and the
response can be quantified by measuring the decrease in
amplitude, which correlates well with the RCP concentra-
tion. This in turn corresponds to the number of reacted
padlock probes, and therefore to the target concentration.
With the magnetometer used in the study, the limit of
detection was in the low picomolar range. Multiplex
detection was achieved using different sized particles
functionalized with tag-specific oligonucleotides. A biplex
assay was demonstrated and the possibility of increasing
the number of targets was shown (Strömberg et al., 2009).

This approach took a step closer in its direct appli-
cability when a portable AC susceptometer was proven to
be efficient for measuring the frequency shift. A limit of
detection of 4 pM was reported and results were obtained
in less than 30 min at room temperature (de la Torre
et al., 2011; Strömberg et al., 2014). Another example of
the use of this principle was developed by Østerberg
et al. (2013, 2014), who simplified the way to perform
the magnetic read-out by using magnetoresistive planar
Hall effect bridge sensors that can measure the hydro-
dynamic size of magnetic nanobeads without the need for
external magnetic fields or bulky equipment. Alterna-
tively, instead of measuring the frequency shift directly, it
is possible to detect the response of nanobeads after
applying an AC magnetic field by measuring the modu-
lation of the intensity of light transmitted through the
magnetic bead dispersion. This approach significantly
simplified the technical requirements needed to perform
this type of measurement (Bejhed et al., 2015; Donolato
et al., 2015).

10.4.3 DNA Nanowires

DNA threads can nucleate metal nanoparticle deposition
creating electrically conductive nanowires. Therefore, the
presence of a certain DNA sequence can be sensed by
producing such structures and measuring the electrical
resistance in a given circuit. RCPs, which are long single-
strand DNA (ssDNA) threads, can be metallized with
gold or silver nanoparticles. Russell et al. (2014) reported a
biosensor based on the formation of nanowires seeded by
stretched RCPs across two electrodes. These RCPs have
been specifically formed on one electrode after target-
directed padlock probe ligation. The amplified molecules
are then stretched by drying the surface in a directed flow,
connecting the two separated electrodes. Metal nano-
particles functionalized with complementary oligonucleo-
tides are then hybridized to the stretched RCPs. These
particles will seed the deposition of metal from solution all
along the DNA molecule, forming a metal nanowire that
bridges two electrodes and thus causes a drop in the
resistance of the electrical circuit. With this approach, 10 ng
of bacterial DNA was successfully detected.

10.5 APPLICATION OF PADLOCK
PROBES FOR INFECTIOUS DISEASE
DIAGNOSTICS

A common task in infectious disease diagnostics is to
identify an infectious agent from a panel of candidate
pathogens. Padlock probe assays are well-suited for these
types of analyses owing to their multiplexing ability and
specificity. Compared with culture-based diagnostics, these
assays accelerate diagnosis from days or weeks to hours
(Kong et al., 2008). Padlock probes and similar technolo-
gies have been successfully applied for the detection of a
wide variety of pathogens in various assay formats. The
assays are directed to RNA or DNA target sequences and
use real-time fluorescence, microarray, SMD, and colori-
metric or luminescence readouts. Some yield sequence in-
formation whereas others quantify pathogens. Padlock
probes have also been applied for in situ analysis of in-
fectious organisms, as described in Section 10.8.4. In past
years, thanks to numerous molecular and technological
developments, applications for padlock probes for pathogen
detection have been demonstrated in different fields, from
agriculture to veterinary medicine to clinical microbiology,
as will be described subsequently (Kong et al., 2008; Tong
et al., 2007).

10.5.1 Padlock Probe-Based Infectious
Disease Diagnostics

The potential of padlock probe assays for infectious disease
diagnostics has been shown by targeting different etiologic
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agents that range from bacteria to viruses in different ap-
plications and formats. Important viral livestock pathogens
were detected and genotyped using multiplexed padlock
ligation to cDNA, employing tag-microarrays to analyze
the RCA and PCR-amplified padlock probes (Banér et al.,
2007). The padlock probes were designed against several
highly conserved regions in each virus. This redundant
testing with independent probes renders the assay tolerant
to novel mutations. The same principle of multiplexed
padlock probe ligation to cDNA was applied by Gyarmati
et al. (2008), who developed a padlock probe assay to
genotype all 16 hemagglutinin and all 9 neuraminidase
gene subtypes of avian influenza virus. All known isolates
of the avian influenza virus were correctly subtyped in
single reactions. Influenza A H1N1 subtype, the causative
agent of an influenza pandemic in 2009, and mutations
causing antiviral resistance have also been detected with
padlock probes and hRCA with real-time fluorescence
detection in different studies (Steain et al., 2009; Wang
et al., 2010).

van Doorn et al. (2007) combined multiplex padlock
probe assayswith quantitativePCR (qPCR) readout in a novel
assay format to enable an increased dynamic range compared
with a microarray readout. A pool of padlock probes directed
to 11 plant pathogens were reacted with the samples in a
single reaction and then reversibly bound to beads. The target
sequences were then washed off from the beads, the probes
were eluted, and nonreacted probes were removed by exo-
nucleases. The remaining circular padlock probes were
loaded onto an OpenArray qPCR platform that allows for
3072 PCRs with up to 64 different primer sets in 33-nL wells
(http://www.biotrove.com). Each pathogen-specific padlock
probe was equipped with a specific PCReprimer pair motif
and was analyzed in separate qPCR reactions.

RNA viruses have also been detected with padlock
probes without reverse transcription into cDNA (Millard
et al., 2006). Diagnostic applications outside a laboratory
environment are enabled by biosensor devices that perform
padlock probe ligation, isothermal amplification, and
detection reactions with fluorescence readout (McCarthy
et al., 2006, 2007).

An important development that contributed to expand
the field of application of padlock probe-based assay was
the combination of C2CA (Dahl et al., 2004) with magnetic
microbeads (Ke et al., 2011). These solid supports with a
large surface provided a practical way to concentrate and
isolate targets from complex samples and enabled washing
of excess padlock probes, enzymes, and other reagents.
This process greatly simplified the assay configuration by
favoring the kinetics of the reaction, making it faster and
more robust (Göransson et al., 2012; Ke et al., 2011). This
magnetic beadebased C2CA (Fig. 10.4) has proven to be
advantageous because it constitutes a PCR-free format and
thus diminishes the technical requirements needed to be

performed. Adaptation of this assay for the detection of
infectious diseases has led to the development of novel
biosensor techniques and opened up the possibility of
applying padlock probe-based pathogen detection in a
clinical setting.

Ke et al. (2011) used a cocktail of padlock probes and
magnetic beadebased C2CA to detect the Crimean-Congo
hemorrhagic fever virus (CCHFV). Using a cocktail of
padlock probes, different CCHFV strain variants were
specifically detected. A sensitivity of 103 viral copies/mL
was reached by implementing a 96-well plate readout
format with colorimetric detection using horseradish
peroxidase chemistry, which is widely used in clinical di-
agnostics in enzyme-linked immunosorbent assays. Simi-
larly, C2CA in conjunction with SMD was applied to detect
rotavirus directly in clinical samples. Degenerated bases
were introduced at the arms of the padlock probes, creating
a cocktail of probes and covering 95% of the published
rotavirus A sequences in the National Center for Biotech-
nology Information database. Remarkably, a total assay
time of 3.5 h was achieved, with a potentially higher
specificity compared with routinely used diagnostic tech-
niques such as latex agglutination assay or chromatography
immunoassay and a better multiplex ability than qPCR-
based assays (Mezger et al., 2014).

Various diagnostically relevant bacteria have been
successfully detected by applying padlock probes, C2CA,
and SMD to target DNA directly. The specificity of
padlock probes has been particularly advantageous for
detecting drug resistance-associated genes, plasmids, and
single-nucleotide variations, which is advantageous for
developing diagnostic assays requiring reliability in clinical
practice for accurate drug prescription.

As an example, Engström et al. (2013) reported a
multiplex C2CA assay using a magnetic readout able spe-
cifically to detect the highly prevalent and slow-growing
pathogen Mycobacterium tuberculosis and to discriminate
between wild-type and nine different single-nucleotide
variants associated with rifampicin resistance, which has
been challenging for other PCR-based assays. Using a
similar assay configuration, rapid antibiotic susceptibility
testing and bacterial identification in urinary tract infections
were described (Mezger et al., 2015a). This work combined
bacterial culture with a C2CA-based molecular assay
detecting Escherichia coli, Pseudomonas aeruginosa, and
Proteus mirabilis. Clinical samples were briefly cultured in
the presence or absence of antibiotics; then a simple DNA
extraction method, padlock probe specific ligation and
C2CA, was performed with a total assay time of 3.5 h. This
was tested in 88 clinical samples and a sensitivity and
specificity of 100% were obtained.

In addition, some applications have been reported for
detecting pathogenic fungus. By combining real-time
qPCR measurements with a bead-based suspension
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microarray (Luminex�), it was possible to develop a
padlock probe assay that detects 10 different human path-
ogenic fungi with high specificity and a wide dynamic
range (Eriksson et al., 2009). This combination has been
particularly advantageous because bead arrays diminishes
the time needed for hybridization and the fluorescent-
encoded beads allow the detection of up to 100 targets
simultaneously in a high-throughput format. Mezger et al.
(2015b) combined C2CA with this readout format for
pathogen detection, once again showing the potential for
developing panels that can target multiple pathogens in a
single assay.

Detection of pathogens in environmental samples has
been achieved by including a desthiobiotin moiety and an
internal endonuclease IV cleavage site in the padlock probe
linker sequence. These two functionalities served to select
the ligated padlock probes and decreased the background of
the assay, achieving a sensitivity of 1 pg of DNA and a
dynamic range of 104 (van Doorn et al., 2009). Further-
more, padlock probes and RCA have been reported to be
suitable for screening large numbers of samples. Because of
their simplicity and versatility, padlock probes and RCA
assays have the potential to be implemented in routine
laboratories much more easily than well-known methods

FIGURE 10.4 Magnetic bead (MB)ebased circle-to-circle amplification. Nucleic acids are first prepared (left). Then extracted RNA is converted to
complementary DNA by reverse transcription using a biotinylated primer that can be captured to magnetic beads coated with streptavidin. In the case of
genomic DNA, this is fragmented by a restriction enzyme or other shearing method and then denatured to obtain single-stranded DNA. An excess of
padlock probes is added together with a ligase and a capture oligonucleotide functionalized with biotin (in the case of DNA) specifically to capture and
detect the region of interest sequence (1). MB functionalized with streptavidin are used to extract/capture circularized probes (2). MB are collected with a
magnet and washed to perform a subsequent RCA reaction (3). MB are collected once again and the solution is exchanged for a restriction mixture that
contains replication oligonucleotides that have a restriction sequence that upon hybridization will be recognized by a restriction endonuclease causing the
digestion of the rolling-circle product (RCP) concatamer, generating monomers that can be recovered in the supernatant (4). These new monomers can
form new circles after ligation, and then a second round of RCA is performed (5). These RCPs can be fluorescently labeled for digital single-molecule
counting or restriction digested again for use in conventional nucleic acid arrays.
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such as amplified fragment-length polymorphism and
multilocus sequence typing (Ahmed et al., 2014; Feng
et al., 2013; Najafzadeh et al., 2011).

10.5.2 Gap-Fill and Molecular Inversion
ProbeeBased Infectious Disease
Diagnostics

Gap-fill probes have also been applied in pathogen detec-
tion and subtyping assays. Novais et al. (2008) developed
an assay for the sensitive detection ofM. tuberculosis. They
amplified circularized MIPs by PCR and sequenced the
product using pyrosequencing. They further improved
sensitivity to a limit of detection of 200 genomes by adding
all dNTPs to the bioluminescence reaction performed in the
pyrosequencing instrument instead of adding the four nu-
cleotides sequentially, which is required to obtain sequence
information. Akhras et al. (2007) developed a gap-fill
padlock probe assay, known as connector inversion
probe assay, similar to the one described in more detail in
Section 10.7.2. DNA circles are produced in an extensive
gap-fill polymerization and ligation reaction, allowing the
amplification and sequencing of DNA between the two
target-complementary segments of a padlock probe. This
technology was applied for antibiotic resistance screening
in Neisseria gonorrhoeae and genotyping of human
papillomavirus samples. The same group subtyped human
papillomavirus sequences with 24 PCR-amplified MIPs
sorted on a tag-microarray (Akhras et al., 2007).

10.6 TARGETED MULTIPLEX COPY
NUMBER VARIATION ANALYSIS USING
SELECTOR PROBES

Structural variations including deletions, insertions, and
inversions have received a lot of attention in the field of
genomics. The impact on mammalian phenotypic variation
owing to CNV appears to be more extensive than expected
(Eichler et al., 2007; Kidd et al., 2008). New methods are
required to detect and analyze this variation, which is
quantitative in nature, compared with SNPs that basically
require only qualitative binary information to score.

10.6.1 Multiple Ligation-Dependent
Genome Amplification Assay

Selector probes have been applied to interrogate CNVs
using the multiplex ligation-dependent genome amplifica-
tion (MLGA) assay (Isaksson et al., 2007). MLGA uses
selector probes to equip specific genomic fragments with a
common primer pair. The selected target fragments can be
designed in silico to differ in length and facilitate a capil-
lary gel electrophoresis readout. The relative peak area of

the amplification product represents target abundance; by
normalizing peaks to reference loci, CNV can be analyzed
between a sample and a reference (Fig. 10.5). The MLGA
assay can be used to interrogate up to 30e40 fragments,
depending on the electrophoretic resolution. They can be
used to resolve boundaries of CNVs by spreading the tar-
gets for the assay over a CNV candidate region. In a study
by Salmon Hillbertz et al. (2007), selector probes were
designed to cover a 750-kb region on canine chromosome 18
associated with the Ridge phenotype in Rhodesian Ridge-
back dogs. Its name describes its most unique character-
istic, a clearly defined symmetrical ridge running the length
of its back, formed by hair growing in a direction opposite
the rest of its coat. In this duplication boundary mapping
approach, a first set of MLGA probes was designed with
100-kb intervals covering a region of 2 Mb. The results
confirmed the CNV, and to further map the start and end
positions of the region, some additional MLGA probes
were designed between duplicated and nonduplicated re-
gions. The borders of the potential tandem repeat were then
defined precisely enough to amplify the breakpoint by
PCR. The 133.4-kb duplication involved five genes, of
which three fibroblast growth factor genes are strong can-
didates for causing the Ridge phenotype (Salmon Hillbertz
et al., 2007).

10.7 HIGH-THROUGHPUT TARGETED
SEQUENCING USING SELECTORS AND
GAP-FILL PADLOCK PROBES

The past few years have seen accelerating development
within methodology and instrumentation for veryehigh-
throughput sequencing (Mardis, 2008). This development
will enable new types of genetic analyses such as whole-
genome sequencing, deep sequencing of tumor samples,
global expression analyses, sequencing of material from
chromatin immune-precipitation experiments, and more.

One application to which this new technology is well-
suited is the resequencing of many selected parts of a
genome, such as all exons from a large set of genes. This
requires the targeted parts of the genome to be somehow
enriched in the sample. Traditionally this enrichment has
been performed using PCR, but this is poorly suited for
multiplexing, meaning that a large number of separate re-
actions would be required. The ideal method for preparing
samples as templates for resequencing would be one that
can be performed in a single reaction, that enriches all re-
gions of interest (and nothing else), and that yields uniform
enrichment for all targeted regions. Attempts to achieve this
have been demonstrated using capture and release of
selected parts of the genome on custom microarrays, fol-
lowed by an adaptor-linker PCR (Albert et al., 2007; Okou
et al., 2007). In this section, we will describe probe-based
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FIGURE 10.5 Multiplex ligation-dependent genome amplification (MLGA) assay for copy number analysis. In the MLGA assay, selector probes are
designed to generate amplification products of different size from loci in the genome to be probed for copy number variation. Products from such
multiplex amplifications are separated through electrophoresis and the relative amount of each amplification product is measured. Because the relative
representation of all amplicons is reproducible, it is possible to measure relative copy number deviations between samples. (A) Elution diagrams from an
Agilent Bioanalyzer instrument for five different samples from human cell lines harboring different copy numbers of the X-chromosome. The products
from loci located on the X-chromosome are highlighted green and the products from two probes targeting chromosomes 18 and 21 are highlighted blue
and red, respectively. Note the presence of two products from the Y-chromosome in the male (XY) sample only and the steady relative increase in the X-
chromosomal peaks in the series of one (bottom trace) to five (top trace) X chromosomes. (B) Analysis of the data shown in (A) to determine relative copy
number deviations. The areas of the highlighted peaks in (A) were normalized to the peak areas of the normal female sample (46, XX). Two copies of a
locus will thus yield a ratio of 1 and three copies 1.5, etc.
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methods combining hybridization with enzymatic activity
to select the desired parts of the genome.

10.7.1 Targeted Sequencing Using Selector
Probes

Selector probes can be employed to amplify a large set of
arbitrary restriction fragments in multiplex. These frag-
ments can be selected so that certain desired sequences,
e.g., all exons from a set of genes, are amplified. By using
endonucleolytic cleavage, as described in Section 10.2.3
(Fig. 10.2B), restriction fragments can be trimmed to
decrease the amount of undesired sequence that is also
amplified. Dahl et al. (2007) showed for the first time that
this method could be combined with massively parallel
pyrosequencing (Margulies et al., 2005), to amplify and
sequence all coding sequence and flanking regions from 10
genes implicated in colorectal cancer. Approximately 90%
of all sequenced reads were from the targeted regions, and
93% of the desired sequence was sequenced at least once.
The quality of sequence was sufficient to identify most
previously known mutations in the analyzed cell lines.

The selector method (now commercially available as the
“HaloPlex target enrichment system,” Agilent Technolo-
gies) has been used for a wide variety of applications,
including the somatic mutation detection of cancer genes
(Johansson et al., 2011; Kim et al., 2014; Moens et al.,
2015), the diagnosis of primary immunodeficiency diseases
(Moens et al., 2014; Stoddard et al., 2014), and population-
based association testing in Alzheimer disease (Cuyvers
et al., 2015).

Moens et al. (2015) optimized and evaluated the tech-
nology for targeted resequencing in clinical FFPE samples
with regard to challenges related to DNA-fragmentation,
small DNA yields, and formalin-induced base damage. By
reducing the length of the target fragments by design, they
were able to capture degraded DNA fragments more effi-
ciently. Furthermore, these authors adopted a “dual strand
capture strategy” in which each of the two strands of a DNA
duplex is captured independently. This approach enables
comparison of the sequence obtained from both strands in a
single double-stranded DNA molecule, facilitating differ-
entiation of formalin-induced errors from true somatic mu-
tations. This is particularly useful for low-frequency
mutation detection in clinical cancer settings, which cannot
be achieved using standard PCR-based assays.

10.7.2 Targeted Sequencing Using Gap-Fill
Padlock Probes

In a related approach, gap-fill padlock probes were used
with the ends hybridized a distance apart, spanning an

entire exon (Porreca et al., 2007). A polymerase was then
used to extend the spanned region and a ligase joined the
extended sequence with the far end of the probe
(Fig. 10.2C). As with the selector probes, a set of circular
DNA molecules, all containing the sequence of interest
along with a general synthetic sequence, was generated.
Again, this could be amplified in multiplex, in this case
using RCA followed by PCR and finally hRCA for the
final library construction. An impressive 55,000 probes
were deployed to target 6.7 megabase pairs of protein-
coding sequences in the genome. The probes were syn-
thesized through enzymatic amplification of a probe library
synthesized on a microarray (Tian et al., 2004). The
product was then analyzed on the Illumina Genome
Analyzer; results showed that about 10,000 of the 55,000
targeted sequences were amplified and sequenced at least
once. The approach has been developed further and
applied to a global analysis of gene methylation signatures
(Ball et al., 2009; Li et al., 2009b), allele-specific
expression (Lee et al., 2009; Zhang et al., 2009), RNA
editing (Li et al., 2009a), and genetic carrier screening
(Umbarger et al., 2014).

10.8 IN SITU NUCLEIC ACID DETECTION
USING PADLOCK PROBES

Early on, padlock probes were recognized as being useful
for the analysis of DNA sequences in situ owing to the
strong link formed between the circularized probe and its
target strand (Nilsson et al., 1994). This opened up pos-
sibilities of observing genetic heterogeneity within cell
populations and studying the localization of target mole-
cules within individual cells. It was also shown that robust
genotyping of repeated centromeric sequences differing in
a single nucleotide position could be done on human
metaphase chromosomes, revealing an unexpected distri-
bution of these sequence variants among human chromo-
somes 13 and 21 (Nilsson et al., 1997). The technique was
further developed using padlock probes synthesized by
PCR to enable the synthesis of longer and thus more
strongly labeled probes, and the number of centromeric
repeats was extended to include chromosomes 7, 12, and
15 (Antson et al., 2000, 2003). In these studies, the probes
were directly labeled with haptens or fluorophores. With
this approach, however, it was not feasible to detect single
DNA target molecules because it was impossible to
distinguish specifically bound probe molecules from
probes nonspecifically adsorbed to cells and the surface of
the microscopy slide. This highlighted the need for a
signal amplification scheme that strictly depended on the
molecular recognition reaction.
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10.8.1 Single-Molecule Detection
and Genotyping In Situ

Similar to the single-molecule detection approach with
RCA described in Section 10.4.1, individual RCPs can be
generated and visualized in situ in cell and tissue samples in
a strictly circularization-dependent reaction. This was first
demonstrated by Lizardi et al. (1998) with the detection of
nuclear sequences in cytologic halo preparations. There are
indications that the RCA reaction is slowed down when it
occurs under topologic inhibition, such as when the
padlock probe is not able to free itself from the target strand
(Banér et al., 1998). In response to this, Christian et al.
(2001) presented an in situ target denaturation scheme
employing the enzymatic preparation of ssDNA at the
location of the target sequence. In this method, DNA is
digested 50 upstream of the target sequence. This is fol-
lowed by removal of the nontarget strand using an
exonuclease, leaving the target sequence single stranded
and available for hybridization. The researchers combined
this denaturation with padlock probe detection of the target
sequence followed by RCA. Because the enzymatic dena-
turation method created a nearby free DNA end, the DNA
polymerase was able to push off the padlock probe from the
target strand when the topologic constraint became too
high. The drawback with the presented denaturation pro-
cedure was that as the padlock probe falls off the target
strand, the link between the target sequence and the RCA
product is lost, increasing the risk of losing the signal from
the slide or creating false-positive signals caused by drifting
of RCA products into nearby cells. A variant of this
denaturation process was later described in a robust pro-
tocol for SNP genotyping of mitochondrial DNA in situ
(Larsson et al., 2004) (Figs. 10.6A and 10.7). Here, instead
of digesting the DNA upstream of the target sequence, the
cut takes place downstream of the target. This means that
after exonucleolysis to make the target single-stranded, and
padlock circularization on the target sequence, the nearby
30-end of the target strand itself can be used to prime the
following RCA reaction. In this way, not only is the
topologic inhibition avoided, a covalent link is created
between the target molecule and the positive detection
signal that minimizes the risk of signal misplacement.

Larsson et al. (2004) also showed that this method can
be used for relative target quantification. By counting
differentially labeled RCA products in individual cells, the
proportion of mutant versus wild-type mitochondrial DNA
(mtDNA) molecules, differing in a single nucleotide could
be determined. This ability to quantify different target
molecules was further demonstrated in a more automated
way, employing image analysis tools to perform digital
counting of RCA products from detected mtDNA mole-
cules in cultured cells (Jahangir Tafrechi et al., 2007).
Dedicated software for RCA product identification and

counting in digital images in a semiautomated fashion,
BlobFinder, is freely available for users (Allalou and
Wählby, http://www.cb.uu.se/wamin/BlobFinder).

10.8.2 Nuclear DNA Detection With
Padlock Probes In Situ

Following early reports that padlock probes and RCA
in situ could be used to detect specific sequences in
genomic DNA and interphase nuclei (Christian et al., 2001;
Lizardi et al., 1998), further demonstrations of the tech-
nique applied for this purpose were not published for a
considerable time. This was probably because the effi-
ciency of target detection with this technique was low,
which made it difficult for regular researchers to apply it to
their targets of interest. In fact, even when using the target-
primed RCA for amplification of padlock probes, detection
of mtDNA targets was estimated at about 10% of available
targets (Larsson et al., 2004). Considering that nuclear
DNA exhibits much tighter packing and more complex
organization than mtDNA, it is not difficult to imagine the
difficulties with finding proper assay conditions for
detecting genomic DNA in low copy numbers. Instead,
nuclear target sequences of high copy number have been
successfully detected using target-primed RCA or similar
techniques, providing useful steps toward the ultimate goal
of efficient detection of nuclear single-copy sequences. Li
and Young (2005) presented a proof-of-principle assay to
detect double-strand breaks in mammalian cells using RCA
primed by the target strand. In this method, double-strand
breaks are introduced in cells by co-transfecting them
with yeast HO endonuclease and its recognition site. When
induced, HO endonuclease will perform digestion at inte-
grated recognition sites, and site-specific cleavage is then
detected by in situ RCA of padlock probes directed against
the known sequence next to the double-strand breaks. The
RCA assay was also combined with immunofluorescence,
demonstrating the potential to perform studies of signaling
pathways triggered by DNA double-strand breaks using
this method.

Padlock probes and target-primed RCA in situ were also
used in the comet assay to measure DNA damage and
repair (Shaposhnikov et al., 2006). In the comet assay, cells
are cast in agarose gels on objective slides, which are then
subjected to gel electrophoresis. This causes cell nuclei to
adopt a comet-like shape, with the amount of DNA forming
the tail of the comet, reflecting the amount of DNA damage
in the nucleus. In situ RCA is a preferred alternative to
fluorescence in situ hybridization (FISH) in these types of
cell preparations, because all steps can be executed at low
temperatures and the background is low since signals are
generated in a strictly target-dependent manner. For target
detection with padlock probes in these preparations, the
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initial approach for target-primed RCA, with restriction
digestion and exonucleolysis, was used to denature DNA to
allow for detection of the nuclear 26ebase pair (bp) Alu

core sequence with sequence-specific probes and RCA
(Fig. 10.7). This sequence is present in high numbers in
each nucleus, as reflected in the amount of signal obtained
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FIGURE 10.6 In situ genotyping using padlock probes and target-primed rolling circle amplification (RCA). The first steps of the procedure serve to
prepare the target strands for probing and priming through a series of enzymatic treatments of fixed and permeabilized cells. First the target strands are
digested at or 30 to the target-sequence, to generate an end close to the padlock probe binding site. Then the nontarget strand is removed by 50-exo-
nucleolysis, making the target sequence single-stranded and available for hybridization. A pair of allele-specific padlock probes is added with target-
complementary end-sequences (blue and yellow) that are identical except for the 30-position where the single-nucleotide polymorphism is queried.
The probes are equipped with two tag-sequences (red and green) to differentiate the amplification products from the two allele-specific padlock probes in
the final tag-hybridization and fluorescence detection steps. After a combined hybridization and ligation step, the probes are rolling-circle amplified. The
DNA polymerase used has potent 30-exonucleolytic activity that degrades any 30-protruding end of the target strand, creating a target strand that primes
RCA of the padlock probe. A rolling-circle product (RCP) is created as an extension of the target strand, ensuring that the signal will remain localized with
the target strand. The products from the two allele-specific padlock probes are differentially labeled with two fluorescence-tagged detection probes (red
and green with yellow stars), hybridizing to the tag-sequence motif in the nontarget complementary part of the RCPs.
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in genomic DNA with the in situ assay. Also, probes
directed against mtDNA sequences were used, providing
evidence that mtDNA disperses from the gels during the
preparation of the comets.

Standard assays for in situ detection of nuclear DNA
sequences, such as FISH, are commonly executed on
condensed chromosomes in metaphase spreads to be able to

identify and assign targets positively to specific chromo-
some locations. Chromosomes in metaphase are even more
condensed than interphase nuclei; not surprisingly, early
unsuccessful attempts to use in situ RCA to detect single-
copy target sequences on metaphase chromosomes were
reported (Lizardi et al., 1998; Zhong et al., 2001). Using the
target primed approach, Lohmann et al. (2007)

FIGURE 10.7 Detection of DNA in situ. The pictures show padlock probe and rolling circle amplificationebased detection of different DNA sequences
in situ. Scale bars represent 10 mm and genomic DNA is stained blue using 40,6-diamidino-2-phenylindole. (A) Genotyping of the A3243G point mutation
in human mitochondrial DNA (mtDNA) following the scheme outlined in Fig. 10.6. Two human cell lines were grown and fixed on a microscopy slide,
one harboring the wild-type sequence of mtDNA and the other close to 100% of the mutant version. A pair of allele-specific padlock probes was designed
such that the mutant probe generates green rolling-circle product (RCPs) in the detection step and the wild-type probe red RCPs. (B) Detection of the
26ebase pair core Alu-repeat sequence in a comet preparation. In the comet assay, cells are immobilized on an agarose gel and subjected to alkali
treatment to release the chromatin from the cell nucleus. Then an electric field is applied, which will primarily move damaged DNA to the tail of the comet
while intact chromatin remains in the head of the comet. The head is to the right in the picture and the tail extends to the left. The RCPs were labeled with
green fluorescence.
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demonstrated detection of repeated sequences on chromo-
somes Y and 6 on metaphase spreads. The detected targets
were present in about 2000 and 12e51 copies per chro-
mosome, respectively. These authors reported labeling of
all targeted Y chromosomes at an efficiency of 1e10% of
available targets, whereas detection of the less repeated
target on chromosome 6 was less successful, with about
30% of spreads missing RCA products on one or two sister
chromatids.

10.8.3 Padlock Probes for Detection
of RNA In Situ

There is considerable interest in using padlock probes and
RCA in situ to perform expression profiling and transcript
genotyping in situ. One obstacle for this has long been
decreased padlock probe ligation efficiency experienced
when performing ligation on an RNA template (Nilsson
et al., 2001, 2000). When considering the target-primed
RCA, there has also been the question of whether poly-
merases are able to initiate DNA synthesis using an RNA
primer.

Stougaard et al. (2007) presented a way to circumvent
the problems of padlock probe ligation on RNA molecules
by introducing a new probe format, turtle probes, for the
detection of nonpolyadenylated RNA molecules in cultured
cells. Turtle probes are similar to padlock probes in that
they are also linear probes that are converted into circular
molecules by ligating the two probe ends. In contrast to
padlock probes, though, ligation does not take place using
the target strand as template. Instead, the turtle probe folds
part of itself into a hairpin structure in which an internal
sequence of the probe serves as a template for joining the
probe ends. In this study, 5S rRNA, EpsteineBarr virus-
encoded RNA, and the RNA template for human telome-
rase were detected in FFPE cells and tissue. The presented
method answers the question of whether single-stranded
RNA can prime RCA, but it is still limited to abundant
nonpolyadenylated RNA targets in which a target site can
be chosen close to the 30-end of the RNA. A more general
approach for detecting RNA targets would thus be appre-
ciated to be able to gain the full advantages of using short
amplified oligonucleotide probes compared with traditional
FISH methods.

Such an approach has been developed by Larsson et al.
(2010) using padlock probes to target individual messenger
RNA (mRNA) molecules directly in situ. mRNA molecules
were first reverse-transcribed to cDNA and made single-
stranded by the use of RNase H. After hybridization and
ligation of padlock probes to the target cDNA molecule,
ligated circles are locally amplified by RCA. These RCPs
can be fluorescently labeled and result in diffraction limited
spots that can be detected and analyzed in a fluorescent

microscope (Larsson et al., 2010). Thanks to the ability of
ligases to discriminate single-nucleotide mismatches, this
approach can be used to detect disease-relevant mutations
directly in cells or tissue. Grundberg et al. (2013) demon-
strated somatic mutation detection in intratumor tissue
targeting two KRAS codons, EGFR and TP53 genes.
Mutational status and expression profiles gained from such
analyses can be used to predict tumor progression and
response to treatment. The same approach was used to
detect fusion transcripts in prostate cancer in fresh-frozen
and FFPE samples (Kiflemariam et al., 2014).

The multiplex capability of such an assay is limited by
the number of fluorophores that can be spectrally distin-
guished. To overcome this limitation, padlock probes can
be bar-coded and in situ sequenced, as described in the
following section.

10.8.4 In Situ Sequencing of Amplified
Padlock Probes for High-Multiplexing
Assays

A breakthrough in the application of a padlock probe-based
identification assay was reported by Ke et al. (2013). In their
work, they demonstrated the possibility of identifying
different types of transcription profiles directly in single cells
from fixed samples and preserved tissue with spatial
resolution. This was achieved by performing a targeted
sequencing approach in which a 4-bp target-specific barcode
is introduced in the padlock probe that is sequenced
using combinatorial probe-anchor ligation chemistry
after subsequent circularization and RCA amplification
(Drmanac et al., 2010). The method was applied to human
fresh-frozen breast cancer tissue targeting 39 different
mRNA transcripts simultaneously, and thus enabled localiza-
tion-related gene expression analysis. The resulting expression
profiles were compared with RNA-sequencing data finding a
good correlation. In addition, by using gap-fill padlock probes
it was possible to sequence five bases of the transcripts of
interest. This was demonstrated by discriminating single-
nucleotide variants in the actin, beta mRNA in human and
mouse cells and by sequencing five bases in the KRAS gene
detecting mutations in codons 12 and 13.

Lee et al. (2014) extended the multiplex ability and
capacity of this approach by developing a method that
allowed sequencing of up to 30 base reads using
Sequencing by Oligonucleotide Ligation and Detection
(SOLiD�) chemistry and different image analysis. To
construct the libraries, RNA molecules are first reverse-
transcribed to cDNA with random tagged hexamers and
then circularized, amplified, and cross-linked to stabilize
the RCPs. Subsequently, multiple cycles of sequencing by
SOLiD ligation chemistry are performed (Porreca et al.,
2006; Shendure et al., 2005). Lee et al. (2014) sequenced
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human fibroblasts and identified 8102 annotated genes,
allowing the identification of localized transcription profiles
in individual cells during wound healing. This approach
promises a new era in transcription profile analysis, because
it opens up the possibility of analyzing localized RNA
profiles that will provide valuable information about cell
function and behavior in complex samples.

10.8.5 Padlock Probes for DNA Detection
in Microbes

Interest has arisen in using padlock probes to detect DNA
sequences in bacterial cells. Maruyama et al. (2005, 2006)
first demonstrated how padlock probes could be used to
visualize and count bacteria that had taken up free DNA
from the environment in the form of plasmids. These au-
thors also detected a single-copy gene of the bacterial
genome, demonstrating the possibilities of using the tech-
nique to detect targets of lower abundance. The padlock
probe technology is attractive for this type of work because
relatively short (<40 nt) DNA sequences are targeted
whereas cells that are unavailable for analysis using stan-
dard methods, such as selective cultivation, can be
analyzed.

Smolina et al. (2007, 2008) used padlock probes to
detect specific bacteria by targeting single-copy signature
sites of different bacterial species. They used peptide
nucleic acid (PNA) openers to denature double-stranded
DNA locally and allow for padlock probe circularization.
This approach avoids global DNA denaturation, which
could be advantageous for some applications but also limits
detection to specific sites in the genome, hence limiting the
general applicability of this method.

Wamsley and Barbet (2008) used endonuclease diges-
tion instead of PNA openers to make the bacterial genome
linear and successfully detected Anaplasma spp. in infected
endothelial and myeloblastic leukemia cells.

10.9 AUTOMATION AND
MINIATURIZATION OF PADLOCK
PROBE/ROLLING CIRCLE
AMPLIFICATION ASSAYS

As described in previous sections, the versatility and ad-
vantages of DNA circularization-based detection assays are
numerous, and several formats have been developed that
demonstrate the promise of these molecular tools for
medical applications. Nevertheless, these assays often
necessitate multiple-step protocols that require the handling
of different enzymes and reagents, not to mention the
expertise needed to manipulate such components and to
read and interpret the final results, which therefore relegates

the use of these methods purely to specialized research
laboratories. Microfluidics is a technology that enables the
manipulation of liquids in micron-size structures (see also
Chapter 11). Over the past decade, this technology has
emerged as the preferred toolbox to achieve the automation
and miniaturization of assays (lab-on-a chip), offering
multiple advantages such as small volume consumption,
automation, integration of multiple steps, and reduced
manufacturing cost for scalable devices (Haeberle and
Zengerle, 2007; Lei, 2012; Thorsen et al., 2002).

Some effort has been undertaken to automate the assays
and applications described in this chapter. The first
approach was taken by Mahmoudian et al. (2008), who
implemented in a single polymer microchip both RCA and
C2CA reactions combined with electrophoretic analysis.
They reported fivefold lower reagent consumption and a
detection limit of 25 ng of Vibrio cholerae genomic DNA
in less than 65 min. Sato et al. (2010) developed a micro-
fluidic channel filled with sepharose beads that was used to
capture and detect DNA with padlock probes and RCA.
The channel was designed in a way that facilitated imaging
and quantification of RCPs directly onto the surface of the
beads, thereby integrating sample processing, amplifica-
tion, and detection. Similarly, a glass microchip with a
functionalized microchannel surface was developed to
manipulate small volume samples. A special surface
chemistry was developed to graft specific DNA oligonu-
cleotides, in which target molecules were captured and
subjected to padlock probe detection and RCA. The
channel was designed to be 100 � 42 mm and was proven
able to process samples as small as 5 nL (Tanaka et al.,
2011).

Digital microfluidics, a technology that uses electro-
wetting, allows the precise transport of small volumes by
manipulating the hydrophilicity of a surface upon applying
an electric field (Abdelgawad and Wheeler, 2009; Jebrail
et al., 2012). Using this technology, a semiautomated
microchip for performing magnetic beadebased C2CA
with high performance was developed (Kühnemund et al.,
2014). The same results were obtained as those in a
manually performed assay in PCR tubes, and the re-
searchers reported a sensitivity of 1 aM with a wide dy-
namic range. In addition, no compartments were needed to
perform the different reactions. This provided an efficient
way to mix and handle magnetic beads, which has been
troublesome for other kinds of microfluidic platforms.

An automated microfluidic system has also been
developed to perform the in situ detection of RNA by
padlock probe/RCA described in Section 10.8.3. This
system showed for the first time the complete automated
handling of reagents, flow, and temperature control dis-
playing good performance compared with the manual
procedure (Kuroda et al., 2014).
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Currently, some developed platforms are close to
commercialization. For instance, the concept described in
Section 10.4.1 for single-molecule counting has been in-
tegrated and automated into a dedicated instrument that
automatically counts single RCPs in less than 3 min per
sample (Q-linea AB; Aquila 400). The same company
developed a second-generation fluidic instrument that can
collect, process, and analyze air samples for the detection of
pathogens using a magnetic beadebased C2CA (Aquila
1000). A full-scale test of this prototype has been suc-
cessfully tested in a real-life scenario (www.qlinea.com).

10.10 CONCLUSIONS

As described in this chapter, intramolecular DNA circu-
larization assays have found various important applications
in molecular medicine. There is likely more to come
because some of the techniques are yet not mature but are
still promising. The targeted multiplexed genome amplifi-
cation approaches described in Section 10.7, for example,
have become a standard library-preparation step for high-
throughput DNA sequencers, particularly in applications
where the source of DNA is limiting, such as in tumor
biopsies, and where really deep sequence coverage is
desired.

Circularization techniques combined with RCA have
some unique and promising properties for rapid
diagnostics, such as those outlined in Section 10.5.
Application areas may include infectious diagnostics and
high-performance multiplexed quantitative expression an-
alyses. These assays will be highly favored by automated
solutions that can potentially be made available by devel-
oping devices and/or platforms that can be placed onsite or
even for point-of-care configurations. Finally, the single-
molecule in situ genotyping technique described in Sec-
tion 10.8 is unique and may find a broad application in
biomedical research and diagnostics. One example of a
relevant clinical pathology investigation is to find rare
surviving malignant cells in tissue biopsies taken after
therapy. Because the approach is multiplexible, it could
also be applied in cell differentiation studies to determine
the colocalization of several lineage-specific transcripts in
developing embryos or organs, including tumor tissue,
thereby tracking the developmental history of individual
cells in complex tissues.

There is the potential for many exciting de-
velopments of DNA circularization assays in addition to
the ones mentioned here. All of the possibilities that
come with this approach, such as inherent multi-
plexibility, single-molecule sensitivity, digital quantifi-
cation, and localized detection, are being explored and
developed.
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Chapter 11

Advances in Microfluidics and Lab-on-a-
Chip Technologies

H. Jayamohan, V. Romanov, H. Li, J. Son, R. Samuel, J. Nelson and B.K. Gale
University of Utah, Salt Lake City, UT, United States

11.1 OVERVIEW

Microfluidics has come a long way since the seminal paper by
Andreas Manz in 1990 (Manz, 1990). The paper envisioned
an integrated, automated platform for performing a range of
analysis steps. Advances since then have brought us closer to
the vision of a sample-in, answer-out platform (Jenkins and
Mansfield, 2013; Lee, 2013). At the turn of the century, the
introduction of polydimethylsiloxane (PDMS) and soft
lithography gave a major boost to the field (Duffy et al., 1998;
Unger et al., 2000). Soft lithography and other inexpensive
and rapid microfabrication techniques have enabled re-
searchers to apply microfluidics to a wide range of areas such
as catalysis, molecular point-of-care (POC) diagnostics re-
mains the primary application area of microfluidics (Jaya-
mohan et al., 2013) and it accounts for the largest share of the
microfluidics market (Yetisen and Volpatti, 2014).

Microfluidics can be broadly defined as systems leveraging
micrometer scale channels to manipulate and process low-
volume (10�9 to 10�18 L) fluid samples (Whitesides, 2006).
Such systems enable advantages such as the capability of
processing low volumes of samples requiring lower amounts of
expensive reagents. Lab-on-a-chip (LOC) platforms leveraging
microfluidics are capable of carrying out separations and de-
tections with high resolution and sensitivity. The smaller length
scales associated with microfluidics enable faster analysis and
reduced response times. Advances in microfluidic
manufacturing methods (lithography, xurography, and laser
machining) (Jayamohan et al., 2013) have enabled deviceswith
a smaller footprint at a reduced cost. This is especially
important for the POC applicability of microfluidic devices in
the context of global health. The convergence of microfluidics
with nanotechnology-based barcode techniques (quantum
dots) (Klostranec et al., 2007) and oligonucleotide labels

(Jayamohan et al., 2015) (metal nanoparticles) has enabled the
multiplexed ultrasensitive detection of analytes from complex
sample matrices involving contaminants (Hauck et al., 2010;
Derveaux et al., 2008; Sanvicens et al., 2009).

Many microfluidic platforms are limited in their appli-
cation and adoption by requirements involving the need for
significant off-chip sample preparation. Developments in
on-chip sample preparation have offset some of these
challenges. Microfluidic systems also have challenges
owing to scaling such as capillary forces, surface rough-
ness, air bubbles (Lochovsky et al., 2012), surface fouling
(Schoenitz et al., 2015), channel clogging, and laminar
flow-limiting reagent mixing to diffusion. Other issues
relate to volume mismatch between real-world samples and
microfluidic components, and interfacing of electronics and
fluids on the microscale (Fredrickson and Fan, 2004).

Despite the significant academic interest in micro-
fluidics, commercial applications have not evolved at a
similar rate (Chin et al., 2012). The success of materials
such as PDMS in microfluidics academic research has not
translated well to industry owing to issues with manufac-
turability and scaling. Also, there is a lack of academic
research on microfluidic devices fabricated using alterna-
tive materials (glass and thermoplastic polymer), which has
prevented the rapid transfer of these technologies from the
laboratory to the market (Yetisen and Volpatti, 2014).
Microfluidic commercialization is also limited because of
the customized nature of each assay or microfluidic chip:
there is no universal fabrication approach that can be
implemented in most needed applications. Another area of
concern is the lack of statistical reproducibility and
microfluidic chip-to-chip variability among published
research (Becker, 2010).
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New processes such as droplet (emulsion) and paper
microfluidics seem to be overcoming some of these chal-
lenges with increasing adoption by both industry and re-
searchers alike (Lee, 2013; Hindson et al., 2011). Droplet
microfluidics use two immiscible fluids to establish
compartmentalization within pico- or nanoliter-sized
droplets (Teh et al., 2008). Paper microfluidics replaces
hollow, free-flow microchannels with woven microfibers of
paper that wick fluids, circumventing the need for addi-
tional pumps (Lee, 2013) but giving up some flexibility. As
might be imagined, microfluidics printed on paper can be
relatively inexpensive. Looking forward, three-dimensional
(3D) printing holds promise in extending these capabilities
to other materials, including plastics, for microfluidic de-
vice development.

Overall, microfluidic approaches to a wide variety of
molecular diagnostics applications are developing rapidly.
In this chapter, we will briefly review some of the most
important and most impactful applications of microfluidics
in molecular diagnostics. Applications in nucleic acids,
proteins, cell preparation for molecular diagnostics, and
other targets will be discussed briefly.

11.2 MICROFLUIDICS FOR DNA
AMPLIFICATION AND ANALYSIS

DNA analysis and amplification are becoming standard
practice in many diagnostic and analytical procedures, with
polymerase chain reaction (PCR) being one of the most
robust and popular molecular diagnostic techniques in
medicine (Chang et al., 2013). DNA amplification tech-
niques can be broadly categorized as isothermal and non-
isothermal. Isothermal DNA amplification techniques are
carried out at a constant temperature and tend to be simpler
mechanically, so interest in this area is high, leading to a
number of isothermal DNA amplification techniques being
reported in the past couple of years (Chang et al., 2013)
(see also Chapter 3).

Isothermal DNA amplification techniques are well-
suited for microfluidic integration in applications where
reasonably fast (15- to 60-min) DNA amplification is
needed in low-resource settings, as temperature cycling is
not needed, which significantly simplifies the hardware
needed to carry out isothermal DNA amplification.
Table 11.1 summarizes some promising isothermal DNA

TABLE 11.1 Promising Isothermal DNA Amplification Techniques for Incorporation in Microfluidic Systems

Reaction

Type of

Template

Required

Reaction

Temperature

(8C) Highlights/Comments

Multiplex

Capability

Nucleic acid sequence-
based amplification

RNA 41 1. Prone to nonspecific amplification
2. Requires initial heating of template RNA at

65�C

Yes

Loop-mediated isothermal
amplification (LAMP)

ss-DNA 60e65 1. Using two primer sets, the LAMP reaction
becomes specific

2. Requires careful design of primer sets
3. Ease of detection of amplified products owing

to production of pyrophosphate (visible to
naked eye) as by-product of positive LAMP
reaction

Yes

Helicase-dependent ampli-
fication (HDA)

ds-DNA 45e65 1. Uses single primer set, which makes HDA
simple process with ease of optimization.
However, the speed of HDA is low when
samples contain <100 DNA copies, but
optimizing the reaction for a specific
amplicon can compensate for this

Two-plex

Strand-displacement
amplification

ss-DNA 37e70 1. Requires initial heating of template DNA at
95�C

2. Prone to nonspecific amplification. Slow
reaction

Yes

Recombinase polymerase
amplification

ds-DNA 37e42 1. Fast reaction (probably one of the fastest
among other isothermal DNA amplification
techniques). Robust reaction without
requiring precise temperature control

Yes

ds-DNA, double-stranded DNA; ss-DNA, single-stranded DNA.
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amplification techniques that have been successfully
demonstrated in microfluidic systems in commercial and
academic settings. For further details readers can refer to
reviews by Asiello and co-workers and others (Asiello and
Baeumner, 2011; Craw and Balachandran, 2012; Tröger
et al., 2015).

PCR is the predominant and most popular non-
isothermal DNA amplification technique and is used in
many microfluidic devices. PCR involves three substeps
that occur at different temperatures. PCR typically requires
at least 35e40 temperature cycles for a single PCR reaction
to achieve useful concentrations. The speed at which PCR
can be run depends on two factors: the speed of the DNA
polymerase and the heat transfer rate of the hardware per-
forming the PCR. Because microfluidic systems are
inherently small, leading to a small thermal mass, and
having a high surface-to-volume ratio, they are naturally
capable of providing rapid heat transfer rates. Microfluidic
PCR systems also offer the ability to automate the prepa-
ration of the PCR reaction mix, thereby reducing the risk of
contamination and false positives by human error. Finally,
microfluidic PCR systems require low sample volumes,
which are helpful when the genetic material being tested is
scarce, and the reagent volumes are likewise low, signifi-
cantly reducing costs.

Since the inception of microfluidics in the 1980s, a
considerable amount of work has been done to develop
microfluidic devices for PCR. There are generally two
types of microfluidic systems for PCR: flow-through, sta-
tionary, and droplet digital (Chang et al., 2013). In a flow-
through PCR system, the PCR mixture travels through a
microchannel that contains temperature regions for all three
substeps of PCR. In some versions, the sample may be
moved back and forth between the temperature regions
whereas in others the sample reaches the temperatures by
continually moving forward. In stationary PCR systems the
PCR mixture remains stationary in a microchamber while

the temperature of the microchamber cycles through the
needed temperatures. There are many variations of these
approaches. For example, in droplet digital PCR systems,
the PCR reaction mix along with the template DNA is
encapsulated in a microdroplet and then is transported to
different regions of a microchip or is temperature cycled in
place (Prakash et al., 2014).

Thousands of microfluidic PCR devices have been
demonstrated successfully with measurable real-time
amplification incorporated in the microfluidic PCR chip;
some show amplification completed in a few minutes
(Chang et al., 2013; Pje�s�ci�c et al., 2010; Crews et al., 2008;
Neuzil et al., 2006) even at the single-cell level (Zhu et al.,
2012). For example, Fig. 11.1 shows a microfluidic chip
performing both continuous PCR and high-resolution
melting analysis (HRMA) simultaneously in less than
6 min for 30 cycles. The PCR is progressing down the
image while HRMA can be performed simultaneously for
each cycle in the horizontal direction by measuring the
fluorescence intensity in the image. A similar chip has been
shown to complete PCR in less than 1 min (Samuel et al.,
2016) using extreme PCR (Farrar and Wittwer, 2015).
Furthermore, biomedical diagnostic companies have
commercialized several microfluidic PCR systems (Cao
et al., 2015; Volpatti and Yetisen, 2014).

11.2.1 DNA Sequencing and Mutation
Detection

In cancer and other diseases, altered DNA gene patterns or
mutations have been found to be useful biomarkers for the
detection and diagnosis of disease (Almoguera et al., 1988).
Detecting mutations requires the ability to sequence at least
a small part of a genetic sequence, which has led to major
efforts to develop high-speed, high-throughput DNA
sequencing methods. As microfluidics has emerged as a
tool for clinical molecular diagnostics, applications in

FIGURE 11.1 Spatial continuous-flow polymerase chain reaction (PCR) showing both PCR and high-resolution melting analysis melting. (A) The
image shows a microfluidic chip design that has two types of channel widths. Denaturation of DNA occurs in narrow channels, whereas annealing and
extension (which are relatively slower than denaturation) occur in the wider channels owing to the reduced flow rate. (B) The temperature zones along the
chip are labeled (�C).
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mutation detection and genetic screening have developed
with the promise of profiling genetic sequences quickly and
interpreting the implications of such sequences. Traditional
macro-DNA sequencing includes steps such as cell prepa-
ration, amplification, purification, and electrophoresis. Each
step can be scaled down and integrated into a microfluidic
device to achieve rapid and low-cost DNA sequencing
(Paegel et al., 2003). Other nontraditional approaches, often
adapting macroscale methods, for detecting altered gene
sequences or sequencing short sections of genes have been
developed, including digital PCR and HRMA. The appli-
cation of microfluidic technology to many of these
sequencing or mutation detection techniques is discussed
subsequently.

11.2.2 Capillary Electrophoresis

In 1995, Woolley and Mathies developed a microfabricated
capillary electrophoresis (CE) chip that can complete DNA
sequencing with 97% accuracy and approximately 150
bases in 540 s for four-color separations. The CE chip
demonstrated the feasibility of fast and high-throughput
DNA sequencing (Woolley and Mathies, 1995). In 1999,
Liu et al. presented an improved microfabricated CE chip.
The separation matrix, temperature, channel and injector
size, and injector parameters were all optimized to achieve
better DNA sequencing performance. The optimized chip
could achieve about 500 bases in 20 min for four-color
separations (Liu et al., 1999). Paegel et al. (2002) devel-
oped a radially symmetric, 96-lane capillary array electro-
phoresis chip that acquired approximately 41,000 bases in
only 24 min. Similar approaches and further improvement
studies were summarized in Paegel et al. (2003) and these
approaches are regularly used. This topic was reviewed in
depth in a previous version of this book (Jayamohan et al.,
2013). As an example of what has been accomplished,
micro-CE integrated systems have been used for quantita-
tive detection of low-abundance mutations of the KRAS
gene from paraffin tissue sections of colorectal cancer.
These systems have nanoliter sample introduction compo-
nents leading to CE separation of the target genes and
detection by laser-induced fluorescence, all of which is
accomplished in minutes or even seconds (Zhang et al.,
2013; Xu et al., 2010).

11.2.3 DNA Purification

He et al. (2000) used capillary zone electrophoresis to pu-
rify sequencing fragments. Khandurina et al. (2002)
developed a microfluidic device for fraction collection of
various size DNA fragments. In Tian’s study, the effec-
tiveness of a variety of silica resin for miniaturized DNA
purification was evaluated (Tian et al., 2000). Other alter-
native on-chip approaches for DNA purification were

studied, including using temperature gradients along the
channel and hybridization-mediated capture (Paegel et al.,
2003). More recent techniques not specifically for
sequencing but generally relevant are discussed in the
sample preparation section.

11.2.4 DNA Amplification and Sanger
Sequencing

Many studies performing low-volume Sanger cycle
sequencing in microfluidics have been presented. Hadd
et al. (2000) and Xue et al. (2001) demonstrated low-
volume reactions inside a capillary, which established the
feasibility of small-scale sample preparation. Lagally et al.
(2000) developed the first nanoliter-scale DNA amplifica-
tion system, which was integrated with electrophoretic
analysis on a microfluidic chip. In 2006, Blazej et al.
developed a microfabricated bioprocessor to integrate all
three Sanger sequencing steps. This microdevice was built
on a hybrid glass-PDMS wafer and enables complete
Sanger sequencing from 1 fM of DNA template within
30 min. With further improvements, the starting template
for DNA sequencing has been reduced from 1 fM to
100 aM (Blazej et al., 2006). In 2013, Abate et al. devel-
oped a droplet-based microfluidic system for DNA
sequencing in a rapid and inexpensive manner.

11.2.5 Digital Polymerase Chain Reaction

Although PCR has long been used for mutation detection, a
highly sensitive version of PCR, digital PCR, has been
gaining a significant following both commercially and
scientifically. Droplet-based digital PCR puts the PCR
milieu into thousands or millions of drops with the general
goal of keeping any amplification targets at less than one
per drop, which results in an “on” or “off” signal for each
drop when the PCR is complete. Digital PCR can reduce
overall analysis costs and reduces sample cross-
contamination. Most important, droplet-based detection
can provide a highly sensitive and high-throughput method
for detecting DNA mutations (Hsieh et al., 2009; Pekin
et al., 2011). As an example, droplet-based digital PCR
enabled the precise determination of mutations in several
cancer cell lines and the precise quantification of a single
mutated KRAS gene in a background of 200,000 unmu-
tated KRAS genes (Pekin et al., 2011). In a similar vein,
BRAF mutation detection was accomplished using a spin-
ning disk digital PCR layout (Fig. 11.2) (Sundberg et al.,
2014). In this case a polymer microfluidic system the size
of a DVD was fabricated with a single spiral channel that
contained 1000 microwells on the outside of the disc. After
injecting a PCR reaction mix, the disc is spun and a com-
bination of centrifugal forces and the laminar flow profile
distribute the reaction mixture into the wells. An oil plug is
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then flowed through the disk to isolate the wells. At that
point conventional thermal cycling can be performed to
achieve digital PCR and real-time detection of product
based on the fluorescence in each well. The main advantage
or distinction of this system is that by using a simple setup a
relatively large reaction mixture is automatically distributed
into nanoliter-sized volumes.

11.3 MICROFLUIDICS FOR HIGH-
RESOLUTION MELTING ANALYSIS

HRMA is performed after DNA amplification is completed
and is focused on the amplified region of the DNA strand
(see Chapter 15). In HRMA, intercalating dyes are incor-
porated into the double-stranded DNA (ds-DNA). These
intercalating dyes fluoresce brightly when incorporated in
ds-DNA but fluoresce poorly when that ds-DNA becomes
single-stranded DNA (ss-DNA), which occurs when a ds-
DNA melts into ss-DNA as the temperature is increased
past the melting temperature (usually from 50�C to 95�C).
The melting point of ds-DNA is sensitive to DNA sequence

and any mismatches, and there is a measurable drop in
fluorescence as the amplicon melts. After the melting pro-
cedure, a “melt curve” is obtained by plotting fluorescence
intensity as a function of temperature. The melt curve
profile is unique for a particular DNA sequence (even down
to a single base in the DNA sequence); hence by analyzing
the melt curve profile one can identify variations in a DNA
sequence.

Implementation of HRMA requires a way to change the
temperature of the sample and a way to measure the fluo-
rescence output, both of which are readily achieved on the
microscale, and the thermal benefits of microfluidics apply
to HRMA as well. Microfluidic systems for HRMA can be
distinguished based on how the temperature gradient
needed to obtain the “melt curve” is developed. There are
currently two methods to develop temperature gradient in
microfluidics: temporal melting and spatial melting (Crews
et al., 2009).

Temporal melting is the conventional way to develop a
temperature gradient in macroscale systems and has been
replicated in microfluidic systems. Temporal melting is
done in a fixed reservoir containing the PCR product and is
basically a gradual heating process. In this case the slow
heating rates are crucial for accuracy and sensitivity of the
melt curve, but the slow rate of heating makes temporal
melting unsuitable when fast and robust HRMA is desired.
A number of microfluidic devices have been made over the
past decade that use some form of temporal DNA melting
for DNA identification. Most configurations involve a
heating element incorporated internally into the micro-
fluidic chip or externally outside the chip’s body. The
heating is done by either thermoelectricity or an external
heat source such as lasers to generate a temporal thermal
gradient (Lee and Fan, 2012; Athamanolap et al., 2014).
Multiple images of the reservoir are taken to monitor the
change in fluorescence with a change in temperature to
generate a melt curve.

Spatial melting is achieved by establishing a tempera-
ture gradient across an elongated reservoir and is possible
only in microfluidic systems. When the elongated reservoir
is filled with a PCR product, a spatial variance of fluores-
cence is observed along the elongated reservoir. A single
image of the reservoir is taken and the melt curve is
generated from it. In spatial melting the melting can be
performed on either flowing or stationary fluids, because it
does not depend on time and is best suited for fast HRMA.
We have reviewed significant work reported in the litera-
ture on microfluidic HRMA using spatial melting
(Table 11.2).

11.3.1 DNA Methylation Detection

DNA methylation, the covalent addition of a methyl group
to the cytosine base in DNA, is a central epigenetic

FIGURE 11.2 Spinning disk for digital polymerase chain reaction
(PCR). (Inset) Post-PCR fluorescent image of the disk. Fluorescence
correlates with the number of copies per well. Reprinted with permission
from Sundberg, S.O., et al., 2014. Quasi-digital PCR: enrichment and
quantification of rare DNA variants. Biomed. Microdevices, 16 (4),
639e644. Copyright 2010 American Chemical Society.
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modification and has an essential role in cellular process
including genome regulation, development, and disease.
Microfluidics has been shown to improve the DNA
methylation detection process and improve efficiencies in
time and cost by making the analysis high-throughput and
sensitive with small sample volumes (Paliwal et al., 2010).

One of most well-known microfluidic DNA methylation
detection methods is to use a platform with an array of
microfluidic channels and an array of chambers (Wei-
senberger et al., 2008). The approach was tested with single
methylated PITX2 molecules. After the sample was
amplified in multiple PCR reaction wells, individually
amplified methylated DNA molecules were visualized via
probe fluorescence signals using a high-resolution charge-

coupled device (CCD) camera. This method was able to
detect single-molecule DNA methylation events success-
fully and sensitively in a small PCR reaction volume.

Another notable approach is to use methylation-specific
PCR (MSP) within an arrayed microdroplet-in-oil platform.
The device has nine snowflake-like functional units ar-
ranged in a circular array (Fig. 11.3). Each function unit
consists of 12 open reaction chambers, which are also ar-
ranged in a circular array and connected to a sample access
port through a microfluidic network. Methylation-specific
primers are predeposited into reaction chambers. The de-
vice can perform 108 MSP reactions simultaneously. Each
functional unit is capable of DNA methylation analysis of
multiple genes with single-sample dispensing, thereby

TABLE 11.2 Publications Reporting Significant Progress in Spatial Melting of DNA for Microfluidic-Enabled High-

Resolution Melting Analysis (HRMA)

Publication Title Highlights/Comments

Product differentiation during continuous-flow
thermal gradient PCR (Crews et al., 2008)

The main focus of this publication is melting analysis. The authors show how the
performance of their device carries out fast PCR/HRMA compared with commer-
cial equipment.

Glass-composite prototyping for flow PCR
with in situ DNA analysis (Pje�s�ci�c_ et al.,
2010)

Melting analysis is not the main focus of this publication; however the authors
demonstrate how PCR and HRMA can be combined and carried out on a single
microfluidic chip.

Spatial DNA melting analysis for genotyping
and variant scanning (Crews et al., 2009)

1. Spatial microfluidic HRMA is used for single-nucleotide polymorphism
scanning and genotyping.

2. HRMA is shown in a continuous-flow regime. Up to 20 samples were
processed for HRMA in serial fashion in the same device with no cleaning
steps in between.

Real-time damage monitoring of irradiated
DNA (Pje�s�ci�c et al., 2011)

The authors demonstrate real-time measurement of DNA damage resulting from ra-
diation exposure using a microfluidic HRMA.

Genotyping from saliva with a one-step micro-
device (Pje�s�ci�c and Crews, 2012)

PCR and spatial HRMA are carried out on a single disposable microfluidic chip
and are shown to distinguish between human male and female saliva samples.

PCR, polymerase chain reaction.

FIGURE 11.3 (A) Overall layout showing nine snowflake-like functional units arranged in a circular array. (B) Individual functional unit layout.
Reprinted with permission from Zhang, Y., et al., 2009. DNA methylation analysis on a droplet-in-oil PCR array. Lab Chip 9 (8), 1059e1064. Copyright
2009 American Chemical Society.
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significantly reducing the sample preparation time,
improving throughput, and allowing for automation. This
method uses mineral oil as a working fluid for actuation,
which prevents contamination and evaporation of the
sample. This method is exemplified by the analysis of two
tumor suppressor promoters, p15 and TMS1 (Zhang et al.,
2009).

11.3.2 Padlock and Selector Probes

Both padlock and selector probes are linear oligonucleo-
tides with two complementary ends to the target DNA
strand for DNA analysis and molecular diagnosis (Jansson,
2007) (see Chapter 18). Current molecular diagnostic ap-
proaches need manual analysis by skilled personnel, which
is time-consuming and labor-intensive. The application of
microfluidic technology has been increasing because of the
use of a small sample volume, easy portability, and rapid
detection time (Tröger et al., 2015). A few examples of
microfluidic devices employing padlock and selector probe
technologies are described next.

In 2005, Melin et al. developed a thermoplastic micro-
fluidic platform for multiple purposes: sensitive detection,
cell culture, and actuation. Padlock probes/rolling circle
amplification (RCA) was employed in a platform for DNA
detection (Melin et al., 2005). In 2006, Jarvius et al. devel-
oped an approach for quantitative single-molecular detection
based on padlock probe ligation using a microfluidic system.
This method was applied to sensitive detection of the bac-
terial pathogen Vibrio cholerae (Jarvius, et al., 2006).

In 2008, Mahmoudian et al. developed an integrated
platform on which both circle-to-circle amplification
(C2CA) and RCA were performed successfully with
padlock probes. The microchip is made from poly(methyl
methacrylate). A total of 25 ng bacterial genomic DNA was
detected within 65 min (Mahmoudian et al., 2008). In 2010,
Sato et al. created an integrated microchemical chip and
combined the padlock probe and RCA on the chip. The
microchip was made from glass and contains Y-shaped
channels with a dam structure. A total of 88 ng Salmo-
nella genomic DNA was detected using on-bead RCA on a
microchip (Sato, 2010).

In 2011, Konry et al. demonstrated a droplet-based
PDMS microfluidic device to detect protein markers
based on padlock probe technology and RCA methods.
After highly specific antigeneantibody recognition, fewer
than 10 epithelial cell adhesion molecule surface tumor
markers per cell were successfully detected with visual
fluorescence (Konry et al., 2011). Ahlford et al. (2011)
presented a microfluidic system for DNA analysis of KRAS
using a highly selective padlock probes and C2CA. Tanaka
et al. (2011) used a glass microchip for DNA detection
based on RCA methods with padlock probes. DNA
detection in small-volume samples was achieved.

In 2014, Kühnemund et al. demonstrated a digital
microfluidic (DMF) chip to perform C2CA with a padlock
probe. The microchip is made from glass and integrates all
of the assay steps except for heating. A novel magnetic
particle shuttling protocol was employed to enable high-
sensitivity DNA detection (Kühnemund et al., 2014).
Mezger et al. (2014) developed a rapid and sensitive
microfluidic PDMS chip to detect highly variable ds-RNA
viruses using padlock probes. Sato et al. developed an
automated microfluidic system using RCA methods to
simplify the single DNA counting process in a cell (Kuroda
et al., 2014).

In some cases in which microfluidic automation is not
ideal, the integration of samples can be a complicated task.
Besides the potential manual steps involved, the application
of padlock and selector probes technologies on a chip has
largely improved DNA detection and analysis efficiency
with small-volume samples. Because of the high sensitivity
and reduced sample requirements, this technology can be a
powerful tool in diverse diagnostic fields.

11.4 MICROFLUIDICS IN CYTOGENETICS

In the field of cytogenetics, various techniques such as
fluorescence in situ hybridization (FISH) assays require
expensive reagents, a large time commitment, and a need
for experienced and well-trained technicians (Kwasny
et al., 2012) (see Chapter 17). This makes such techniques
less favorable in many cases even if they provide better
results. LOC devices have been designed to improve the
efficiency of many cytogenetic techniques, allowing for
much faster and more reliable results (Kwasny et al., 2012).

11.4.1 Fluorescence In Situ Hybridization
Analysis

Traditional FISH analysis involves a long and complex
protocol that leads to the detection of genetic abnormalities.
The probes used to visualize the presence of a DNA
sequence have a high cost requiring more than $100 for
individual tests (Kwasny et al., 2012). LOC devices have
been designed that make this process much more efficient
by decreasing the time commitment and the amount of
probes and sample needed, and by automating the process
to a greater degree, thereby achieving consistent results.
Perez-Toralla et al. showed that their device was capable of
decreasing the volume of sample and probes needed for
FISH by a factor of 10 while cutting the time required in
half. This device could be fully automated and obtain the
same quality results as a traditional protocol (Perez-Toralla
et al., 2015). Other devices have been able to demonstrate
similar improvements, allowing up to 96 samples to be
analyzed simultaneously using the same volume of probe
that would usually be used for one test (Kwasny et al.,
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2012). In general, LOC devices used in FISH analysis can
reduce the amount of time invested and cost of reagents
used, and automate processes that would otherwise require
extensive training and experience. However, some of the
most efficient devices are complicated and expensive to
manufacture, which may limit the benefits of reducing the
cost of reagents.

11.5 MICROFLUIDICS FOR PROTEIN
DETECTION AND ANALYSIS

Human blood plasma contains an enormous amount of
proteins, numbering around 1010 (Jacobs et al., 2005).
Coupled with research, this demonstrates that blood plasma
also plays host to critical disease biomarkers such as exo-
somes (Kalra et al., 2013) and micro-RNA (Mitchell et al.,
2008), and paints a picture of a highly complex sample.
Detection systems that can identify and analyze proteins
from such mixtures effectively and rapidly can greatly
enhance molecular diagnostic capabilities with downstream
benefits for personalized health care (Gonzalez de Castro
et al., 2013).

A variety of microfluidic systems have been developed
from existing macroscale techniques for the identification
and analysis of proteins. Typically, traditional protein
identification approaches are derived from one of two
popular methods, immunoassays or immunoblotting. Im-
munoassays are based on the interaction of antibodies,
whether adsorbed to a surface or in free solution with
specific antigens (Ng et al., 2010). Immunoblotting, on the
other hand, is used first to determine the molecular mass of
the protein via electrophoresis gel migration before incu-
bation with antibodies for detection and identification
(Hughes and Herr, 2012). Both methods have diffusional
limitations, excessive reagent consumption, reproducibility,
and throughput restrictions (Jin and Kennedy, 2015).
Microfluidics can reduce diffusional distances by
increasing surface area to volume ratios, reducing reagent
consumption through micro- and nanofabricated channels
and chambers, and automating all steps of the process (Ng
et al., 2010).

Traditional methods of protein analysis typically
involve implementing two strategies for the analysis and
sequencing of proteins based on mass spectrometry (MS):
matrix-assisted laser deposition and ionization (MALDI)
and electrospray ionization (ESI) (Domon and Aebersold,
2006). ESI uses a small nozzle or a capillary to drive re-
agents into the mass spectrometer for analysis (Fig. 11.4A)
by reducing the charged droplets into molecular ions (Han
and Gross, 2005). Alternatively, MALDI uses a dry crys-
talline matrix to affix a sample for laser interrogation
(Fig. 11.5A). The crystalline matrix helps to desorb and
ionize the sample, resulting in the sublimation of the

protein species and leading to the formation of charged ions
(Aebersold and Mann, 2003; Hardouin, 2007), which can
then be analyzed by MS. One of the main challenges of
using ESI-MS is the suppression of ions owing to high salt
concentrations in the buffer (Gao et al., 2013). This makes
analysis difficult or nearly impossible. Furthermore,
whereas MALDI-MS is capable of analyzing high salt
buffers, the structural matrix makes analysis of low mass
structures difficult because of noise generation in the
resulting spectra of the sample (Gao et al., 2013).

The associated challenges with using MS and the pre-
paratory techniques can be readily addressed with micro-
fluidics. Miniaturization leads to smaller sample volumes,
reduced diffusional distances, the ability to carry out high-
throughput analysis, system automation, parallelization,
and process streamlining of processes (Chao and Hans-
meier, 2013).

11.5.1 Overview of Electrospray
IonizationeMass Spectrometry Integrated
Microfluidic Platforms

Several methods have been proposed for chip fabrication
for downstream integration with MS, including traditional
wet etching techniques (Lazar et al., 2006), surface
micromachining (Xie et al., 2005), and rapid prototyping
(Yin et al., 2005). The major features of the device are
etched from a silicon substrate via photoresist deposition,
followed by PDMS curing and bonding to either a silicon
substrate or a glass slide. Electrical contacts can be added at
any time during the fabrication process via evaporation or
sputtering. Further complexity can be added to the micro-
fluidic device by integrating valves, gates, and chambers to
eliminate fitting, leaking, and blocking issues (Srbek,
2007).

Traditionally onsite filtration occurs through an area
packed with microbeads. Loading the beads can be chal-
lenging ot the microscale. Vinet et al. demonstrated a
robust method for fabricating 2D ordered arrays of silicon
micropillars (Fig. 11.4B) using deep reactive ion etching on
a silicon substrate for effective sample separation as an
alternative to microbeads and precise nozzle fabrication
(Mery et al., 2008). Using a tryptic peptide mixture, they
were able to show effective separation and stable electro-
spray operation. In a separate study, Ketola et al. modified
the surface of their structures with C-18 for reverse-phase
separation or SiO2 for normal separation. Furthermore, by
integrating a silicon base with a glass cover, they were able
to fabricate a 3D ESI tip while allowing for microfluidic
chip operation with both laser-induced fluorescence and
MS (Sainiemi et al., 2012). The system required only 10 nL
of reagents and demonstrated fast separation and good
sensitivity. One key limitation of this approach is the need
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for microfabrication of the pillar arrays. Rigidity and res-
olution of the features are material and process dependent
whereas reusability of the devices owing to clogging may
also be an issue.

In an entirely different approach, Shih et al. successfully
demonstrated the integration of DMF with ESI-MS anal-
ysis. An electrical potential was used to drive droplets

closer to the microcapillary acting as a directly integrated
ESI tip (Fig. 11.4C). Sample uptake occurred through
capillary action in which an applied DC voltage was used to
generate the spray interface (Shih et al., 2012). The device
was used successfully to identify a specific marker in a
dried blood spot sample. Similarly, Baker and Roper
employed a capillary and an eductor to transfer droplets

FIGURE 11.4 (A) Traditional approach to electrospray ionization (ESI)-mass spectrometry (MS). The sample is processed before ionization and MS
analysis. (B) Microfluidic network in which chip separation and processing leads directly to ionization and MS analysis (Mery et al., 2008; Sainiemi et al.,
2012). (C) Digital microfluidics can use either pressure-driven or electrically actuated droplet transfer to an ionization site for MS analysis (Shih et al.,
2012; Baker and Roper, 2012; Ji et al., 2012). (D) Paper-based microfluidic approach coupled with surface acoustic waves for ionization and MS analysis
(Ho et al., 2011). Each figure was designed to give a general idea of the methods discussed and techniques employed and is not necessarily representative
of actual devices. Prep, preparation; RF, radio-frequency.
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FIGURE 11.5 (A) Traditional approach to matrix-assisted laser deposition and ionization (MALDI)-mass spectrometry. A sample is added to the plate,
followed by drying, matrix deposition, and laser interrogation. (B) Digital microfluidics can be used to move droplets that contain the sample, rinse, and
matrix. The matrix can be deposited manually by removing the top lid (Chatterjee et al., 2010) or by moving a droplet in place (Wheeler et al., 2005).
(C) Pressure (Lazar and Kabulski, 2013) or centrifugal (Thuy et al., 2010) driven flow can be used in conjunction with chromatography columns for
separation, preparation, and matrix deposition. (D) Microfluidic devices can be used for contact and noncontact deposition of the target onto a MALDI
plate. The matrix can be loaded before or after sample deposition (Küster et al., 2013; Ro et al., 2006). (E) Using hydrophilic capture regions, the matrix
step can be removed, allowing for direct laser interrogation on the chip (Lapierre et al., 2011). Each figure was designed to give a general idea of the
methods discussed and techniques employed and is not necessarily representative of actual devices. SiNWs, silicon nanowires.
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from an open or closed setup to the ESI tip. In conjunction
with nitrogen, an eductor was used to generate areas of
negative pressure at the ESI tip via the Venturi effect
triggering droplet movement (Baker and Roper, 2012).
Continuous, high-throughput analysis of the entire droplet
volume either inside the device or in ambient air is also a
possibility. Furthermore, Ji et al. (2012) used DMF for
rapid proteolysis (Fig. 11.4C) by encapsulating and
digesting fractions inside droplets. Advantages of this
approach are reduced cross-contamination, sample loss, and
nonspecific absorption. One of the key limitations is in the
design and fabrication of the electrical circuits to drive the
process. Furthermore, as with any ESI tip, clogging can be
an issue.

As mentioned earlier, a potential disadvantage of
traditional approaches to microfluidic device fabrication is
the need for clean room access, materials, and expertise.
Paper-based microfluidic devices have a cost and are
biodegradable, transportable, and effective at delivering
samples to the site of interest (Mao and Huang, 2012). Ho
et al. demonstrated a paper-based microfluidic device that
uses wicking (Fig. 11.4D) for effective sample uptake from
a reservoir for MS analysis. Surface acoustic waves were
used to ionize the filtered sample at the end of the paper,
effectively demonstrating the ability to process both high
ionic and viscous samples, conditions that may prove
difficult for traditional ESI nozzles to accommodate (Ho
et al., 2011).

11.5.2 Overview of Matrix-Assisted Laser
Deposition and IonizationeMass
SpectrometryeIntegrated Microfluidic
Platforms

Microfluidics can be integrated with the MALDI frame-
work in several ways. The first approach manipulates a
sample in a microfluidic reactor for direct deposition onto a
MALDI plate. The second method uses the microfluidic
device as the MALDI plate in which the sample can be
prepared onsite and inserted directly into the MALDI-MS
instrument for analysis (DeVoe and Lee, 2006; Lee et al.,
2009).

DMF is a popular platform for integration with
MALDI-MS. Chatterjee and co-workers demonstrated a
microfabricated device capable of efficiently processing
proteins via droplet manipulation (Fig. 11.5B) and drying,
ready for MALDI interrogation (Chatterjee et al., 2010).
Disulfide reduction, alkylation, and enzymatic digestion
were carried out within the device, which consisted of a
removable top lid and a bottom plate with integrated
electrodes. Further droplet control was demonstrated by
electrowetting-on-dielectrics (EWOD) with in-line sample
purification for deposition onto a stainless-steel target for

MALDI analysis (Wheeler et al., 2005). In a three-stage
process, the sample containing peptides and impurities
was moved and dried, impurities were dissolved and
removed by a second droplet, and a MALDI matrix was
deposited on top via a third droplet (Fig. 11.5B).

Furthermore, on-chip MALDI processing was effectively
demonstrated by Lazar and Kabulski. Electro-osmotic
pumps were integrated with a liquid chromatography
channel for sample separation before analysis (Lazar and
Kabulski, 2013). Valves were used to control the flow of
sample through the slurry-loaded separation channel
(Fig. 11.5C). The sample was prepared by manual addition
of the MALDI matrix for analysis, successfully displaying
femtomolar sensitivity for bovine cytochrome C and he-
moglobin. Thuy and co-workers followed a different
approach in which a CD based microfluidic device was
used to prepare, digest, and analyze a sample, all in a single
automated run (Thuy et al., 2010). Centrifugal force was
used to drive the sample through an affinity column
(Fig. 11.5C) in which the protein was captured and then
tryptically digested. The digest was then eluted and co-
crystallized with a MALDI matrix in 1 of the 54 desig-
nated reservoirs. Whereas droplet manipulation and in-line
processing within the confines of the device offers several
degrees of control over the process parameters, the main
issue is still the need for a matrix that can lead to reduced
signal-to-noise ratios.

Off-chip applications are also effective. Küster et al.
(2013) developed a T-junction microfluidic device
(Fig. 11.5D) that generated nanoliter droplets guided into a
capillary for deposition onto a MALDI matrix-covered
plate. The advantage of this technique is the high-
throughput droplet generation potentially analyzing
26,000 droplets in a streamlined process using a detection
system for automated stage movement. Furthermore, Ro
and Knapp demonstrated a microfluidic device integrating
an array of UV-polymerized methacrylate monolithic col-
umns within the microfluidic channels (Fig. 11.5D) to
separate tryptic-digested proteins from a peptide mixture
(Ro et al., 2006). The vertically mounted device deposited
droplets of the sample onto a MALDI-MS plate for
analysis.

An inherent problem with using a matrix to crystallize
the sample for analysis is nonhomogeneity in the formation
of the crystal leading to hot spots and reduced resolution
(Northen et al., 2007). Lapierre et al. (2011) demonstrated a
DMF device that manipulates small amounts of volume for
matrix-free laser interrogation. A small droplet containing
the sample was actuated along a channel patterned with
superhydrophobic and superhydrophyllic areas (Fig. 11.5E)
on top of a silicon nanowire interface that captured some of
the liquid. Upon drying and laser interrogation, the silicon
nanowire interface acts as an inorganic target allowing MS
analysis. Although it is highly sensitive and matrix free, the
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key limitation of this approach is the complexity associated
with the fabrication of the device.

11.5.3 Overview of Popular Microfluidic
Detection Platforms

One strength of microfluidics is direct customization of
most traditional immunoassay protocols. Several strategies
have been proposed for enhancing limits of detection,
including gold nanoparticles, which act as nanoelectrodes
with high electrical conductivity and surface area for anti-
body attachment and detection (Mani et al., 2009). Because
of their tunability, brightness, high absorption coefficients,
and photostability, quantum dots have also yielded highly
sensitive results (Li et al., 2010). In a different approach,
Karns and Herr used electrophoretic immunoassay separa-
tion of endogenous tear protein biomarkers to obtain
mobility and immunoaffinity information from 1-mL sam-
ples (Karns and Herr, 2011).

Fast, efficient, high-throughout platforms may allow for
enhanced sample quantification and, as a result, better
treatment strategies. Protein microarrays have contributed a
great deal toward realizing this goal by using pin printing,
microstamps, or microflow printing assays (Romanov,
2014). Simple, cost-effective, high-throughput microfluidic
devices with high sensitivity have also been described for
rapid diagnoses of human immunodeficiency virus and
syphilis (Chin et al., 2011). Selecting the correct microarray
platform is crucial because platforms may vary in the types
of molecules that they can print, the quality of the spots, the
throughput, and operational requirements.

In addition, DMF has also been employed as minia-
turized immunoassay reactors. In these systems, protein
detection typically relies on optical methods; however,
electrochemical detection has also been demonstrated
(Shamsi et al., 2014). One advantage of DMF is the gen-
eration of highly tunable droplets. Vergauwe et al. (2011)
demonstrated a highly sensitive EWOD system capable of
both heterogeneous and homogeneous immunoassays by
droplet manipulation. An issue with using DMF for im-
munoassays is sample recovery. Whereas detection has
been thoroughly demonstrated, recovering protein for
subsequent study is still challenging.

Microfluidics has also been effectively used for western
blotting. Herr’s group dedicated a significant amount of
effort in improving most facets of traditional western blots
including completely automated western blots with reus-
able chips (He and Herr, 2010) and fully integrated, rapid
lectin blotting through the removal of sodium dodecyl
sulfate from resolved protein peaks via photopatterned
microfilters within the microfluidic device (He et al., 2011).
A similar approach was used for analysis of human sera and
cell lysate employing a glass microfluidic chip that resulted
in rapid operation on the order of 10e60 min with

picomolar detection limits (Hughes and Herr, 2012).
Cleaning and reusability of such devices were demon-
strated but it is not clear how many times these devices may
be regenerated before contamination or material degrada-
tion becomes an issue.

An electrostatic immobilization gel was developed as an
alternative to the sandwich format typically used within
microfluidic western blots. The result was a reduction of
reagents consumption on the order of 200 times and a
reduction in assay duration by 12 times achieved through
charge interactions (Kim et al., 2012). As an alternative to
introducing samples into a channel for separation and
immobilization, Jin (2013) fabricated a microfluidic chip
for direct deposition of sieve-separated protein bands on a
perpendicularly mounted polyvinylidene fluoride mem-
brane. Using this approach they demonstrated reliable,
reusable, and reproducible separation and multiple in-
jections using the same channel and capture membrane.

11.6 MICROFLUIDIC SAMPLE
PREPARATION

There have been significant advances in the application of
microfluidics for molecular diagnostics applications.
Extensive research has gone into integrating molecular
analysis systems (nucleic acids, proteins, pathogens, and
small molecules) on-chip. These have led to a reduction in
the costs of reagents and user interaction with the in-
struments. These platforms have leveraged advances in
technologies such as PCR, CE, FISH, surface plasmon
resonance surface enhanced Raman scattering, giant
magnetoresistance, and electrical/electrochemical/mechan-
ical detection among others (Kim et al., 2009). All of these
methods typically require some form of off-chip sample
preparation (SPrep). Unfortunately, advances in on-chip
SPrep have been overlooked compared with downstream
processes such as analysis and sensing (Brehm-Stecher
et al., 2009; Mariella, 2008; Kim et al., 2009). The
dependence on traditional off-chip sample pretreatment
involving expensive equipment and trained personnel has
prevented the translation of these advances to POC (Byrnes
et al., 2015).

Sample preparation steps include cell lysis, washing,
centrifugation, separation, filtration, and elution. These
techniques performed using the conventional route are
highly labor-intensive and time-consuming, involve multi-
ple steps, and require expensive laboratory equipment
(Byrnes et al., 2015). For instance, nucleic acid (NA)
extraction involves multiple steps to collect DNA or RNA
from raw samples such as whole blood, urine, and saliva.
On-chip integration of these steps can reduce the total
analysis time. The lower sample and regent consumption in
microfluidic systems enables a lower cost of analysis. Also,
an enclosed sample-in, answer-out system reduces the
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chance for cross-contamination. On-chip sample integration
typically involves adaptation and modification of conven-
tional macroscale laboratory methods to fit microfluidic
formats (Byrnes et al., 2015; Kim et al., 2009). This section
describes some advances in microfluidic SPrep for specific
molecular diagnostic techniques such as PCR and DNA
sequencing. Table 11.3 summarizes some of these micro-
fluidic platforms.

11.6.1 Microfluidic Sample Preparation for
Polymerase Chain Reaction

PCR-based methods have opened up a myriad of possi-
bilities in diagnostics for pathogens and infectious diseases

in both clinical and environmental settings. Several com-
mercial Food and Drug Administrationeapproved PCR
platforms exist (Priye and Ugaz, 2016), but most require
either manual off-chip SPrep or separate automated SPrep
systems involving bench-top equipment such as a centri-
fuge. Hence these tests are not Clinical Laboratory
Improvement Amendments waived or POC (Mitchell et al.,
2012). Therefore on-chip integration of SPrep will enable
true sample-in, answer-out PCR platforms for POC use.
They also provide advantages such as lower reagent con-
sumption, faster cycling times, lower cost per test, and
automated processing requiring minimally trained
personnel (Oblath et al., 2013). Consistency of SPrep is
known to affect results of digital RT-PCR (Thompson

TABLE 11.3 Microfluidic Sample Preparation (SPrep) Platforms Used in Nucleic Acid (NA) Amplification and Next-

Generation DNA Sequencing (NGS), With On-Chip SPrep Steps Listed

Methods

Steps Incorporated

On-Chip Notes

PCR, RT-PCR (Kim
et al., 2010)

NA extraction (SPE) using nanopo-
rous AOM and amplification

Inhibitory role of AOM during PCR, lower retention of RNA in AOM

RT-PCR (Oblath
et al., 2013)

NA extraction using nanoporous
AOM and amplification

Off-chip thermal lysis, inhibitory effects of AOM minimized by add-
ing bovine serum albumin, and additional Taq polymerase to master
mix

RT-PCR (Czilwik
et al., 2015)

Chemical lysis, NA extraction (silica-
coated magnetic beads), consensus
multiplex PCR preamplification, and
geometrically multiplexed RT-PCR

Demonstrated specific detection of four model pathogens down to 3
colony-forming units in serum. System incorporated prestored re-
agents but requires prior serum separation from whole blood, which
might impede POC use

Multiplex array
PCR, DEP (Cai
et al., 2014)

Pathogen capture (DEP), thermal
lysis, and multiplex array PCR

Simultaneous detection of three pathogens in 3 h. Preloaded PCR re-
agents and sample-in, answer-out capability for potential POC use,
but system relied on conventional thermal cycler, power supply (for
DEP), and fluorescence microscope, potentially impacting its porta-
bility for POC use

HDA (Huang
et al., 2013)

Chemical lysis, NA extraction (SPE),
and HDA based amplification

Lysis and NA extraction were performed on system (SNAP) distinct
from NA amplification. Electricity-free NA amplification system con-
sisted of a cyclic olefin polymer mChip placed inside a Styrofoam
cup with commercially available toe warmers acting as heaters.
Extracted NA was manually transferred over to mChip for
amplification

RPA (Kim et al.,
2014)

Thermal lysis, RPA-based amplifica-
tion, and visual detection using
lateral flow strips

Centrifugal platform for food-borne pathogen detection. Laser diode
was used for actuation of Ferro-Wax valves, thermal lysis, and
amplification

Real-time LAMP
(Sun et al., 2015)

Chemical lysis, NA extraction (mag-
netic beads), and isothermal
amplification

Integration of SPrep to LAMP-based detection on same eight-
chamber thermoplastic chip

Convective PCR
(Priye et al., 2016)

Chemical lysis, NA extraction (SPE),
PCR amplification, and fluorescence
detection

Portable convective thermocycler loaded on drone with SPrep
leveraging drone’s motors Time-resolved fluorescence detection and
quantification using integrated smartphone camera. Sample lysis and
loading are performed manually using the platform

NGS Library prep
(Kim et al., 2013)

NGS library prep DMF platform to prepare NGS libraries from a few nanograms of
genomic DNA. DNA extraction and purification performed off-chip

AOM, aluminum oxide membrane; DEP, dielectrophoresis; DMF, digital microfluidics; HDA, helicase-dependent amplification; LAMP, loop-mediated
isothermal amplification; PCR, polymerase chain reaction; POC, point-of-care; RPA, recombinase polymerase amplification; RT, reverse-transcribed;
SNAP, portable system for nucleic acid preparation; SPE, solid-phase extraction; mChip, microfluidic chip.
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et al., 2014), so these advances are critical. Also, micro-
fluidic chips (mChips) can be disposable, eliminating
contamination between samples, which is important
because the high sensitivity provided by PCR poses issues
owing to NA contamination. This section focuses on ad-
vances in microfluidic devices with integrated SPrep-PCR
and integrated SPrepePCR detection capability. For a
detailed review of microfluidic PCR and similar integrated
systems before 2013, the reader can refer to Park et al.
(2014).

Kim et al. (2010) developed a mChip that integrates
solid-phase extraction and amplification of NAs into a
single reaction chamber. A nanoporous aluminum oxide
membrane (AOM) was employed for the solid-phase
extraction (SPE) of NAs. A mChip integrated DNA
extraction using monolithic AOM and seven parallel reac-
tion wells for real-time amplification of extracted DNAs.
The system demonstrated the detection of bacterial patho-
gens in a whole saliva sample (Oblath et al., 2013). A
disposable microfluidic chip with integrated SPE for NA
extraction and RT-PCR was used to amplify influenza An
RNA in human nasopharyngeal aspirate and nasopharyn-
geal swab specimens (Mitchell et al., 2012). However, the
PCR products were detected off-chip by CE. In all of these
devices, sample lysis was performed off-chip.

A mChip integrating electrochemical cell lysis, PCR,
CE-based separation, and amperometric detection was re-
ported for detection of pathogens (Jha et al., 2012). How-
ever, the system displayed shortcomings associated with
temperature control in PCR reactions (Adley, 2014). Czil-
wik et al. reported a centrifugal microfluidic-based platform
(LabDisk) using prestored reagents with integrated DNA
extraction, consensus multiplex PCR preamplification, and
geometrically multiplexed, species-specific RT-PCR. The
system was able to detect low concentrations of pathogens
[2 colony-forming units (CFU)/200 mL] from serum sam-
ples (Czilwik et al., 2015). The system requires serum
separation from whole blood off-chip. However, serum or
plasma separation has been demonstrated in microfluidic
formats and could be integrated with the LabDisk system.
Cai et al. (2014) demonstrated a completely integrated
microfluidic device fabricated using “SlipChip” technolo-
gies for the detection of pathogens in biological samples
(blood). The platform employs dielectrophoresis for
extraction, multiplex array PCR for amplification, and end-
point fluorescence for the simultaneous detection of three
different pathogens. However, the limit of detection of
103 CFU/mL reported using the platform is low and im-
pedes its potential use in practical applications.

11.6.2 Microfluidic Sample Preparation for
Isothermal Amplification

Isothermal amplification uses a single temperature as
opposed to cycling between multiple temperatures as in the
case of PCR. Because no thermal cycling is involved, there

is generally a reduced need for power, especially over long-
term use, which makes it suitable for POC (Almassian and
Nelson, 2013).

Huang et al. applied helicase-dependent isothermal
amplification for detection of Clostridium difficile in stool
samples. The electricity-free system consists of a mChip in
a Styrofoam cup (the insulator) able to maintain its tem-
perature at 65 � 2�C. SPrep employed a stand-alone,
pressure-driven “portable system for nucleic acid prepara-
tion” (SNAP), powered by a bicycle pump. It consisted of
four subsystems: a sample input and mixer, a fluid-
buffering coil, an air pressure accumulator, and a sample
extraction cartridge. The sample lysis and NA extraction
were performed using the SNAP, which was distinct from
the amplification system, requiring manual transfer of
extracted NA. The downstream detection of amplicons was
also performed off-chip (Huang et al., 2013). Hence, inte-
gration of sample lysis and NA extraction along with
readout for amplicon detection would be necessary to
achieve sample-in, answer-out capability. A device con-
sisting of flexible plastic substrate containing chambers in a
reel-to-reel cassette format was used for loop-mediated
isothermal amplification (LAMP) and colorimetric detec-
tion. The system performs thermal shock lysis of hard-to-
lyse, gram-positive bacteria on-chip, but fluid/reagent
metering and mixing is done manually (pipetting), which
potentially limits POC use (Safavieh et al., 2014). Kim
et al. developed a centrifugal microfluidic device inte-
grating DNA extraction, isothermal recombinase polymer-
ase amplification (RPA), and detection onto a single disc
(Fig. 11.6). A laser diode was used for wireless control of
valve actuation, cell lysis, and noncontact heating during
the RPA step. Immunomagnetic separation has proven to
be an effective tool for preconcentration of pathogens from
large-volume samples containing potential interferents
(Jayamohan et al., 2015). However, for this device the
immunomagnetic extraction of pathogens was performed
off-chip (Kim et al., 2014). Similar centrifugal platforms
have been applied to SPrep for RT-PCR (viral detection)
(Stumpf et al., 2016), LAMP (Sayad et al., 2016), and
digital PCR (Burger et al., 2016; Schuler et al., 2016). An
eight-chamber LOC device integrating cell lysis, immuno-
magnetic bead-based DNA extraction, LAMP, and fluo-
rescence detection was reported (Sun et al., 2015). The
system was reported to have true sample-in, answer-out
capability for the detection of Salmonella.

11.6.3 Microfluidic Sample Preparation for
Sequencing

DNA sequencing refers to the process of determining the
precise order of nucleotides within a DNA strand. Next-
generation DNA sequencing (NGS) broadly refers to ad-
vances in sequencing that have enabled high-throughput,
inexpensive, rapid, whole-genome sequencing (Metzker,
2010) (see Chapters 22 and 23). NGS has been widely
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applied to elucidate genetic information for applications
such as pathogen discovery and the identification of genetic
abnormalities associated with human disease (Kim et al.,
2013). Genome sequencing has come a long way since the
conclusion of the Human Genome Project. Sequencing
platforms have evolved from bulky systems (860 kg Pac-
Bios RSII) to relatively inexpensive, pocket-sized versions
(Oxford MinION and SmidgION) (Erlich, 2015; Pennisi,
2016). Advances leveraging nanopores have the potential
to democratize sequencing (Quick et al., 2016). The cost of
sequencing an individual full genome has plummeted from
USD $2.7 billion (Human Genome Project) to the current
$1000, outpacing even Moore’s law (Hayden, 2014). As in
other areas of molecular diagnostics, automated DNA
SPrep is a key challenge in achieving a small-footprint,

sample-in, data-out sequencing platform (Hayden, 2014;
Coupland, 2010). For instance, advances in the area of
automation of preparation methods for formatting sample
DNA into sequencing-ready libraries have lagged behind
significant advances in NGS (Kim et al., 2013). However,
advances have the potential to narrow the gap. This section
will focus on published work on downstream microfluidic
SPrep for genome sequencing (library preparation). We
have published a detailed review of upstream microfluidic
DNA SPrep techniques (cell lysis and DNA extraction), to
which the reader can refer (Kim et al., 2009).

Patel and co-workers developed a DMF platform as a
fluid distribution hub (Fig. 11.7). The platform enables the
integration of multiple subsystem modules into an auto-
mated NGS library SPrep system. The central DMF hub is

FIGURE 11.6 Lab-on-a-disc system for the detection of food-borne pathogens. (A) The system consisted of two polycarbonate layers with integrated
strip sensors and metal heaters. (B) The disc consists of chambers for cell lysis, isothermal amplification, metering, dilution, and detection. (C) Schematic
of the setup showing computer-controlled spinning motor, laser for the thermal actuation of Ferro-Wax valves and isothermal DNA amplification, and a
charge-coupled device (CCD) camera and strobe light to visualize the rotating disc in real time. Reprinted with permission from Kim, T.-H., Park, J., Kim,
C.-J., Cho, Y.-K., 2014. Fully integrated lab-on-a-disc for nucleic acid analysis of food-borne pathogens. Anal. Chem., 86 (8), 3841e3848. Copyright
2014 American Chemical Society.

FIGURE 11.7 Digital microfluidics system for preparing DNA libraries for sequencing. The system integrated multiple reagent and sample preparation
modules (depicted in different colors), magnets (for magnetic beadebased separation/cleanup), and thermal blocks (for thermal cycling) coupled to
module tubing (for sample preparation) and multivalve syringe pumps (for liquid handling). gDNA, genomic DNA; PCR, polymerase chain reaction.
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interfaced through novel capillary interconnects to external
fluidic modules for highly repeatable transfer of liquid
(Hanyoup et al., 2011). The authors used a similar DMF
platform to prepare sequencer-ready DNA libraries for
analysis by the IlluminaMiSeq sequencer (Kim et al., 2013).
Cell lysis and DNA extraction steps were performed off-chip
using conventional laboratory methods. Tan and co-workers
reported a novel microfluidic device capable of performing
an arbitrary number of serial reaction-purification steps on
16 independent samples. They applied the device to imple-
ment protocols to generate NGS libraries from bacterial and
human genomic DNA samples. Similar DMF-based plat-
forms (VolTRAX) are in the process of being commercial-
ized for point-of-use automated sample preparation
(Dodsworth, 2015; Oxford Nanopore, 2016).

A single cell sequencing method (Drop-Seq) employing
droplet microfluidics was proposed by Macosko et al. (2015).
The system encapsulates one cell per emulsion droplet, lyses
them, and uniquely barcodes the RNA of each cell using
DNA-barcoded microgel beads. Hence, a number of con-
ventional processing steps are compressed into a single step,
creating a scalable method for in situ library preparation
(Erlich, 2015). Klein et al. (2015) reported a similar technique
(inDrop) for barcoding the RNA from thousands of individual
cells. The technique was used to probe transcriptional vari-
ability in mouse embryonic stem cells. These methods had
limitations seen in droplet microfluidics, such as variability in
the number of cells per droplet (dictated by Poisson statistics).
GnuBIO (a Bio-Rad company) is commercializing a
microfluidic-based system for genomic library preparation,
integrated within their bench-top sequencer. The system
promises to be a true “sample in, answer out” DNA
sequencing solution (Erlich, 2015; Business-Wire, 2014).
Genetic analysis of minute amounts of DNA and RNA at the
level of a single cell using NGS methods is increasingly being
relied upon to understand biological complexity previously
concealed when employing conventional techniques
(Thompson et al., 2014). These involve whole-genome
amplification (WGA) or reverse transcription and WGA
before NGS. SPrep improvements have helped improve the
accuracy of the reverse transcription and preamplification
steps. Still, current RNA-sequencing methods cannot be
considered as absolute counting technologies (Thompson
et al., 2014). Wu et al. compared the sensitivity and repro-
ducibility of single-cell whole transcriptome preparations.
They reported less gene dropout and improved reproducibility
and accuracy by performing reverse transcription and pre-
amplification steps in microfluidic volumes of the C1 device
(Fluidigm) rather than tube-based preparations (Thompson
et al., 2014).

Despite significant advances in applying microfluidics
in SPrep for sequencing, integrated sample-in, sequence-
out platforms are lacking. This is especially critical
because real-time, portable sequencers are being developed

(Quick et al., 2016) and manual SPrep remains a critical
bottleneck preventing their widespread use.

11.6.4 Microfluidic Sample Preparation in
Cytogenetics

Often in cytogenetic studies, the cell samples obtained are
small and difficult to work with. In these cases, LOC de-
vices have been designed that allow for culturing of many
different kinds of cells. These devices often allow for
greater efficiency when working with small volumes, as
well as greater ease of operation and automation, which
decreases the risk of human error (Tehranirokh et al.,
2013). SPrep is not limited to culturing; it includes other
processes that are necessary for FISH assays, karyotyping,
or other cytogenetic testing. Shah et al. built a device that
integrates multiple stages of the process, allowing for initial
culturing, arrest, and fixation of metaphase cells. It also has
the ability to prepare metaphase chromosome spreads on
glass slides for metaphase FISH analysis (Kwasny et al.,
2012). Creating chromosome spreads has been described as
more of an art than a science, but many devices (including
the device built by Shah et al.) are being built that make the
creation of these spreads more reliable and repeatable
(Kwasny et al., 2012, 2014).

11.7 MICROFLUIDICS IN CELL SORTING

Cell sorting can be performed using both electrokinetically
and hydrodynamically driven mechanisms in microfluidic
devices (Paegel et al., 2003). Fu et al.(2002) demonstrated
single-cell handling feasibility. Grover et al. (2003) pre-
sented a hybrid glass-PDMS microfluidic device with
elastomer valves and pumps, which provided reliable fluid
control of chips . In 2010, Gagnon et al. developed a
closed-loop microfluidic device for yeast cell separation
using AC electrokinetic components. In 2011, a micro-
fluidic device used for high-efficiency circulating tumor
cell selection was presented (Dharmasiri et al., 2011).
Karimi et al. (2013) reported cell focusing and sorting using
hydrodynamic mechanisms. More recently, Song et al.
(2015) developed an electrokinetic microfluidic device for
cell sorting.

11.8 FUTURE OF MICROFLUIDICS FOR
MEDICAL DIAGNOSTICS

The medical diagnostics field is rapidly being transformed
by the introduction and optimization of microfluidic devices.
Because of the obvious size match between microfluidics
and most biological processes at the cellular and subcellular
level, the use of microfluidics will naturally continue to be
applied to medical diagnostics. Complexity is much more
readily introduced at the microscale than in traditional
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formats, so it is anticipated that increasingly complex
microfluidic devices able to perform multiple diagnostic
processes at the same time will be developed. Already sys-
tems can detect multiple diseases or pathogens simulta-
neously. These devices currently rely on the same methods
on multiple targets. As sample preparation techniques
improve, though, it is anticipated that multiple processes will
be possible on one chip, allowing the detection of DNA,
proteins, chemicals, and other biomolecules on one device.
As multiplexed protein detection joins multiplexed DNA
detection and analysis, small-scale, portable, microfluidic-
based instruments will be able to perform massively paral-
lel analysis simultaneously at increasingly lower costs,
making the need for individual tests less relevant, especially
when physicians are attempting to make a diagnosis with
symptoms suggestive of any of several possible conditions.
Thus, the dream of a single instrument to perform nearly any
molecular diagnostic procedure can be seen now and will
likely occur in the next 10e20 years.

Even further along may be the opportunity for combi-
nations of microfluidics and nucleic acid sequencing tech-
nologies. Sequencing is becoming ubiquitous, with prices
falling rapidly. As sequencing becomes a commodity and
can be completed more rapidly and instruments are
becoming further miniaturized, sample preparation using
microfluidic instruments will become the limiting factor in
developing “near universal” molecular diagnostic tools, at
least for anything that can be diagnosed using a nucleic acid
sequence. Of course, biological understanding and computer
software will need to keep up, but it is clear that both will
move quickly if the opportunity is available. Thus, universal
sample preparation instruments for high-throughput
sequencing may be one of the major challenges for micro-
fluidics in the next decade and for the foreseeable future of
molecular diagnostics. Rapid development in this area will
only be possible as more robust, generic, and complex
microfluidics allow, which makes this a potent area for high-
impact research activities.

REFERENCES

Abate, A.R., et al., 2013. DNA sequence analysis with droplet-based
microfluidics. Lab Chip 13 (24), 4864e4869.

Adley, C.C., 2014. Past, present and future of sensors in food production.
Foods 3 (3), 491e510.

Aebersold, R., Mann, M., 2003. Mass spectrometry-based proteomics.

Nature 422 (6928), 198e207.
Ahlford, A., et al., 2011. A Microfluidic Platform for Personalized Cancer

Diagnostics by Padlock Probe Ligation and Circle-to-Circle Amplifi-

cation. s.n, Seattle, pp. 61e63.
Almassian, D.R., Cockrell, L.M., Nelson, W.M., 2013. Portable nucleic

acid thermocyclers. Chem. Soc. Rev. 42 (22), 8769e8798.
Almoguera, C., et al., 1988. Most human carcinomas of the exocrine

pancreas contain mutant c-K-ras genes. Cell 53 (4), 549e554.

Asiello, P.J., Baeumner, A.J., 2011. Miniaturized isothermal nucleic acid

amplification, a review. Lab Chip 11 (8), 1420e1430.
Athamanolap, P., Shin, D.J., Wang, T.-H., 2014. Droplet array platform

for high-resolution melt analysis of DNA methylation density. J. Lab.

Autom. 19 (3), 304e312.
Baker, C.A., Roper, M.G., 2012. Online coupling of digital microfluidic

devices with mass spectrometry detection using an eductor with
electrospray ionization. Anal. Chem. 84 (6), 2955e2960.

Becker, H., 2010. Mind the gap! Lab Chip 271e273.
Blazej, R.G., Kumaresan, P., Mathies, R.A., 2006. Microfabricated bio-

processor for integrated nanoliter-scale Sanger DNA sequencing.

Proc. Natl. Acad. Sci. U. S. A 103 (19), 7240e7245.
Brehm-Stecher, B., Young, C., Jaykus, L.-A., Tortorello, M.L., 2009.

Sample preparation: the forgotten beginning. J. Food Prot. 72 (8),

1774e1789.
Burger, R., Amato, L., Boisen, A., 2016. Detection methods for centrifugal

microfluidic platforms. Biosens. Bioelectron. 76, 54e67.

Business-Wire, 2014. Bio-rad Acquires GnuBIO, Developer of Droplet-
based DNA Sequencing Technology (Online) Available at: http://
gnubio.com/news/bio-rad-acquires-gnubio-developer-of-droplet-
based-dna-sequencing-technology-2/.

Byrnes, S.A., et al., 2015. One-step purification and concentration of DNA
in porous membranes for point-of-care applications. Lab Chip.

Cai, D., et al., 2014. An integrated microfluidic device utilizing dielec-

trophoresis and multiplex array PCR for point-of-care detection of
pathogens. Lab Chip 14 (20), 3917e3924.

Cao, W., et al., 2015. Automated microfluidic platform for serial poly-

merase chain reaction and high-resolution melting analysis. J. Lab.
Autom. http://dx.doi.org/10.1177/2211068215579015.

Chang, C.-M., et al., 2013. Nucleic acid amplification using microfluidic
systems. Lab Chip 13 (7), 1225e1242.

Chao, T., Hansmeier, N., 2013. Microfluidic devices for high-throughput
proteome analyses. Proteomics 13 (3e4), 467e479.

Chatterjee, D., et al., 2010. Integration of protein processing steps on a

droplet microfluidics platform for MALDI-MS analysis. Anal. Chem.
82 (5), 2095e2101.

Chin, C.D., et al., 2011. Microfluidics-based diagnostics of infectious

diseases in the developing world. Nat. Med. 17 (8), 1015e1019.
Chin, C.D., Linder, V., Sia, S.K., 2012. Commercialization of microfluidic

point-of-care diagnostic devices. Lab Chip 12 (12), 2118e2134.

Coupland, P., 2010. Microfluidics for the upstream pipeline of DNA
sequencing e a worthy application? Lab Chip 10 (5), 544e547.

Craw, P., Balachandran, W., 2012. Isothermal nucleic acid amplification
technologies for point-of-care diagnostics: a critical review. Lab Chip

12 (14), 2469e2486.
Crews, N., Wittwer, C., Palais, R., Gale, B., 2008. Product differentiation

during continuous-flow thermal gradient PCR. LabChip 8 (6), 919e924.

Crews, N., et al., 2009. Spatial DNA melting analysis for genotyping and
variant scanning. Anal. Chem. 81 (6), 2053e2058.

Czilwik, G., et al., 2015. Rapid and fully automated bacterial pathogen

detection on a centrifugal-microfluidic LabDisk using highly sensitive
nested PCR with integrated sample preparation. Lab Chip 15 (18),
3749e3759.

Derveaux, S., et al., 2008. Synergism between particle-based multiplexing

and microfluidics technologies may bring diagnostics closer to the
patient. Anal. Bioanal. Chem. 391 (7), 2453e2467.

DeVoe, D.L., Lee, C.S., 2006. Microfluidic technologies for MALDI-MS

in proteomics. Electrophoresis 27 (18), 3559e3568.

Advances in Microfluidics and Lab-on-a-Chip Technologies Chapter | 11 213

http://gnubio.com/news/bio-rad-acquires-gnubio-developer-of-droplet-based-dna-sequencing-technology-2/
http://gnubio.com/news/bio-rad-acquires-gnubio-developer-of-droplet-based-dna-sequencing-technology-2/
http://gnubio.com/news/bio-rad-acquires-gnubio-developer-of-droplet-based-dna-sequencing-technology-2/
http://dx.doi.org/10.1177/2211068215579015


Dharmasiri, U., et al., 2011. High-throughput selection, enumeration,

electrokinetic manipulation, and molecular profiling of low-abundance
circulating tumor cells using a microfluidic system. Anal. Chem. 83
(6), 2301e2309.

Dodsworth, S., 2015. Genome skimming for next-generation biodiversity
analysis. Trends Plant Sci. 20 (9), 525e527.

Domon, B., Aebersold, R., 2006. Mass spectrometry and protein analysis.
Science 312 (5771), 212e217.

Duffy, D.C.J., McDonald, C., Schueller, O.J., Whitesides, G.M., 1998.
Rapid prototyping of microfluidic systems in poly(dimethylsiloxane).
Anal. Chem. 4974e4984.

Erlich, Y., 2015. A vision for ubiquitous sequencing. bioRxiv, 019018.
Farrar, J.S., Wittwer, C.T., 2015. Extreme PCR: efficient and specific

DNA amplification in 15-60 seconds. Clin. Chem. 61, 145e153.

Fredrickson, C.K., Fan, Z.H., 2004. Macro-to-micro interfaces for
microfluidic devices. Lab Chip 526e533.

Fu, A.Y., et al., 2002. An integrated microfabricated cell sorter. Anal.

Chem. 74 (11), 2451e2457.
Gagnon, Z., Mazur, J., Chang, H.-C., 2010. Integrated AC electrokinetic

cell separation in a closed-loop device. Lab Chip 10 (6), 718e726.
Gao, D., Liu, H., Jiang, Y., Lin, J.-M., 2013. Recent advances in micro-

fluidics combined with mass spectrometry: technologies and applica-
tions. Lab Chip 13 (17), 3309e3322.

Gonzalez de Castro, D., Clarke, P.A., Al-Lazikani, B., Workman, P., 2013.

Personalized cancer medicine: molecular diagnostics, predictive bio-
markers, and drug resistance. Clin. Pharmacol. Ther. 93 (3), 252e259.

Grover, W.H., et al., 2003. Monolithic membrane valves and diaphragm

pumps for practical large-scale integration into glass microfluidic
devices. Sens. Actuators B Chem. 89 (3), 315e323.

Hadd, A.G., Goard, M.P., Rank, D.R., Jovanovich, S.B., 2000. Sub-
microliter DNA sequencing for capillary array electrophoresis.

J. Chromatogr. A 894 (1), 191e201.
Han, X., Gross, R.W., 2005. Shotgun lipidomics: electrospray ionization

mass spectrometric analysis and quantitation of cellular lipidomes

directly from crude extracts of biological samples. Mass Spectrom.
Rev. 24 (3), 367e412.

Hanyoup, K., et al., 2011. Automated digital microfluidic sample preparation

for next-generation DNA sequencing. J. Lab. Autom. 16 (6), 405e414.
Hardouin, J., 2007. Protein sequence information by matrix-assisted laser

desorption/ionization in-source decay mass spectrometry. Mass

Spectrom. Rev. 26 (5), 672e682.
Hauck, T.S., Giri, S., Gao, Y., Chan, W.C., 2010. Nanotechnology di-

agnostics for infectious diseases prevalent in developing countries.
Adv. Drug Deliv. Rev. 62 (4), 438e448.

Hayden, E.C., 2014. Technology: the $1,000 genome. Nat. News 507
(7492), 294e295.

He, M., Herr, A.E., 2010. Automated microfluidic protein immunoblotting.

Nat. Protoc. 5 (11), 1844e1856.
He, M., Novak, J., Julian, B.A., Herr, A.E., 2011. Membrane-assisted

online renaturation for automated microfluidic lectin blotting. J. Am.

Chem. Soc. 133 (49), 19610e19613.
He, Y., Pang, H.-M., Yeung, E.S., 2000. Integrated electroosmotically-

driven on-line sample purification system for nanoliter DNA
sequencing by capillary electrophoresis. J. Chromatogr. A 894 (1),

179e190.
Hindson, B.J., Ness, K.D., et al., 2011. High-throughput droplet digital

PCR system for absolute quantitation of DNA copy number. Anal.

Chem. 83 (22), 8604e8610.

Ho, J., et al., 2011. Paper-based microfluidic surface acoustic wave sample

delivery and ionization source for rapid and sensitive ambient mass
spectrometry. Anal. Chem. 83 (9), 3260e3266.

Hsieh, A.T.-H., Pan, P.J.-H., Lee, A.P., 2009. Rapid label-free DNA

analysis in picoliter microfluidic droplets using FRET probes.
Microfluid. Nanofluidics 6 (3), 391e401.

Huang, S., et al., 2013. Low cost extraction and isothermal amplification of
DNA for infectious diarrhea diagnosis. PLoS One 8 (3).

Hughes, A.J., Herr, A.E., 2012. Microfluidic western blotting. Proc. Natl.
Acad. Sci. U. S. A 109 (52), 21450e21455.

Jacobs, J.M., et al., 2005. Utilizing human blood plasma for proteomic

biomarker discovery. J. Proteome Res. 4 (4), 1073e1085.
Jansson, R., 2007. Development of a Solid-phase Padlock Probe Tech-

nology Using Microfluidics. Uppsala University School of Engineer-

ing, Uppsala.
Jarvius, J., et al., 2006. Digital quantification using amplified single-

molecule detection. Nat. Methods 3 (9), 725e727.

Jayamohan, H., et al., 2015. Highly sensitive bacteria quantification using
immunomagnetic separation and electrochemical detection of
guanine-labeled secondary beads. Sensors 15 (5), 12034e12052.

Jayamohan, H., Sant, H.J., Gale, B.K., 2013. Applications of microfluidics

for molecular diagnostics. In: Microfluidic Diagnostics. Springer, s.l.,
pp. 305e334

Jenkins, G., Mansfield, C.D., 2013. Microfluidic Diagnostics: Methods and

Protocols. Humana Press, s.l.
Jha, S.K., et al., 2012. An integrated PCR microfluidic chip incorporating

aseptic electrochemical cell lysis and capillary electrophoresis

amperometric DNA detection for rapid and quantitative genetic
analysis. Lab Chip 4455e4464.

Ji, J., et al., 2012. Proteolysis in microfluidic droplets: an approach to
interface protein separation and peptide mass spectrometry. Lab Chip

12 (15), 2625e2629.
Jin, S., Anderson, G.J., Kenndy, R.T., 2013. Western blotting using

microchip electrophoresis interfaced to a protein capture membrane.

Anal. Chem. 85 (12), 6073e6079.
Jin, S., Kennedy, R.T., 2015. New developments in Western blot tech-

nology. Chin. Chem. Lett. 26 (4), 416e418.

Kalra, H., et al., 2013. Comparative proteomics evaluation of plasma
exosome isolation techniques and assessment of the stability of exo-
somes in normal human blood plasma. Proteomics 13 (22),

3354e3364.
Karimi, A., Yazdi, S., Ardekani, A., 2013. Hydrodynamicmechanisms of cell

and particle trapping in microfluidics. Biomicrofluidics 7 (2), 021501.
Karns, K., Herr, A.E., 2011. Human tear protein analysis enabled by an

alkaline microfluidic homogeneous immunoassay. Anal. Chem. 83
(21), 8115e8122.

Khandurina, J., Chován, T., Guttman, A., 2002. Micropreparative fraction

collection in microfluidic devices. Anal. Chem. 74 (7), 1737e1740.
Kim, D., et al., 2012. Electrostatic protein immobilization using charged

polyacrylamide gels and cationic detergent microfluidic Western

blotting. Anal. Chem. 84 (5), 2533e2540.
Kim, H., et al., 2013. A microfluidic DNA library preparation platform for

next-generation sequencing. PLoS One 8 (7), e68988.
Kim, J., Johnson, M., Hill, P., Gale, B.K., 2009. Microfluidic sample

preparation: cell lysis and nucleic acid purification. Integr. Biol.
574e586.

Kim, J., et al., 2010. A PCR reactor with an integrated alumina membrane

for nucleic acid isolation. Analyst 135 (9), 2408e2414.

214 Molecular Diagnostics



Kim, T.-H., Park, J., Kim, C.-J., Cho, Y.-K., 2014. Fully integrated lab-on-

a-disc for nucleic acid analysis of food-borne pathogens. Anal. Chem.
86 (8), 3841e3848.

Klein, A.M., et al., 2015. Droplet barcoding for single-cell transcriptomics

applied to embryonic stem cells. Cell 161 (5), 1187e1201.
Klostranec, J.M., et al., 2007. Convergence of quantum dot barcodes with

microfluidics and signal processing for multiplexed high-throughput
infectious disease diagnostics. Nano Lett. 7 (9), 2812e2818.

Konry, T., et al., 2011. Ultrasensitive detection of low-abundance surface-
marker protein using isothermal rolling circle amplification in a
microfluidic nanoliter platform. Small 7 (3), 395e400.

Kühnemund, M., Witters, D., Nilsson, M., Lammertyn, J., 2014. Circle-to-
circle amplification on a digital microfluidic chip for amplified single
molecule detection. Lab Chip 14 (16), 2983e2992.

Kuroda, A., et al., 2014. Microfluidics-based in situ padlock/rolling circle
amplification system for counting single DNA molecules in a cell.
Anal. Sci. 30 (12), 1107e1112.

Küster, S.K., et al., 2013. Interfacing droplet microfluidics with matrix-
assisted laser desorption/ionization mass spectrometry: label-free
content analysis of single droplets. Anal. Chem. 85 (3), 1285e1289.

Kwasny, D., et al., 2014. A semi-closed device for chromosome spreading

for cytogenetic analysis. Micromachines 5 (2), 158e170.
Kwasny, D., et al., 2012. Microtechnologies enable cytogenetics. In:

Tirunilai, P. (Ed.), Recent Trends in Cytogenetic Studies-

Methodologies and Applications. INTECH Open Access Publisher,
Rijeka, pp. 20e46.

Lagally, E.T., Simpson, P.C., Mathies, R.A., 2000. Monolithic integrated

microfluidic DNA amplification and capillary electrophoresis analysis
system. Sens. Actuators B Chem. 63 (3), 138e146.

Lapierre, F., et al., 2011. High sensitive matrix-free mass spectrometry
analysis of peptides using silicon nanowires-based digital microfluidic

device. Lab Chip 11 (9), 1620e1628.
Lazar, I.M., Kabulski, J.L., 2013. Microfluidic LC device with orthogonal

sample extraction for on-chip MALDI-MS detection. Lab Chip 13

(11), 2055e2065.
Lazar, I.M., Trisiripisal, P., Sarvaiya, H.A., 2006. Microfluidic liquid

chromatography system for proteomic applications and biomarker

screening. Anal. Chem. 78 (15), 5513e5524.
Lee, A., 2013. The third decade of microfluidics. Lab Chip 1660e1661.
Lee, J., Soper, S.A., Murray, K.K., 2009. Microfluidics with MALDI anal-

ysis for proteomicsda review. Anal. Chim. Acta 649 (2), 180e190.
Lee, W., Fan, X., 2012. Intracavity DNA melting analysis with optofluidic

lasers. Anal. Chem. 84 (21), 9558e9563.
Liu, S., Shi, Y., Ja, W.W., Mathies, R.A., 1999. Optimization of high-

speed DNA sequencing on microfabricated capillary electrophoresis
channels. Anal. Chem. 71 (3), 566e573.

Li, Z., et al., 2010. Rapid and sensitive detection of protein biomarker

using a portable fluorescence biosensor based on quantum dots and a
lateral flow test strip. Anal. Chem. 82 (16), 7008e7014.

Lochovsky, C., Yasotharan, S., Günther, A., 2012. Bubbles no more: in-

plane trapping and removal of bubbles in microfluidic devices. Lab
Chip 12 (3), 595e601.

Macosko, E.Z., et al., 2015. Highly parallel genome-wide expression
profiling of individual cells using nanoliter droplets. Cell 161 (5),

1202e1214.
Mahmoudian, L., et al., 2008. Rolling circle amplification and circle-to-

circle amplification of a specific gene integrated with electrophoretic

analysis on a single chip. Anal. Chem. 80 (7), 2483e2490.

Mani, V., et al., 2009. Ultrasensitive immunosensor for cancer biomarker

proteins using gold nanoparticle film electrodes and multienzyme-
particle amplification. ACS Nano 3 (3), 585e594.

Manz, A., Graber, N., Widmer, H.M., 1990. Miniaturized total chemical

analysis systems: a novel concept for chemical sensing. Sens. Actu-
ators B Chem. 244e248.

Mao, X., Huang, T.J., 2012. Microfluidic diagnostics for the developing
world. Lab Chip 12 (8), 1412e1416.

Mariella Jr., R., 2008. Sample preparation: the weak link in microfluidics-
based biodetection. Biomed. Microdevices.

Melin, J., Melin, J., Johansson, H., Söderberg, O., Nikolajeff, F.,

Landegren, U., Nilsson, M., Jarvius, J., 2005. Thermoplastic micro-
fluidic platform for single-molecule detection, cell culture, and actu-
ation. Anal. Chem. 77 (22), 7122e7130.

Mery, E., et al., 2008. A silicon microfluidic chip integrating an ordered
micropillar array separation column and a nano-electrospray emitter for
LC/MSanalysis of peptides. Sens.ActuatorsBChem.134 (2), 438e446.

Metzker, M.L., 2010. Sequencing technologiesdthe next generation. Nat.
Rev. Genet. 11 (1), 31e46.

Mezger, A., et al., 2014. Detection of rotavirus using padlock probes and
rolling circle amplification. PLoS One 9 (11), e111874.

Mitchell, P., Feldman, J., Pollock, N.R., Klapperich, C.M., 2012. Micro-
fluidic chip for molecular amplification of influenza A RNA in human
respiratory specimens. PLoS One 7 (3), e33176.

Mitchell, P.S., et al., 2008. Circulating microRNAs as stable blood-based
markers for cancer detection. Proc. Natl. Acad. Sci. U. S. A 105 (30),
10513e10518.

Neuzil, P., et al., 2006. Ultra fast miniaturized real-time PCR: 40 cycles in
less than six minutes. Nucleic Acids Res. 34 (11), e77.

Ng, A.H., Uddayasankar, U., Wheeler, A.R., 2010. Immunoassays
in microfluidic systems. Anal. Bioanal. Chem. 397 (3),

991e1007.
Northen, T.R., et al., 2007. Clathrate nanostructures for mass spectrometry.

Nature 449 (7165), 1033e1036.

Oblath, E.A., Henley, W.H., Alarie, J.P., Ramsey, J.M., 2013.
A microfluidic chip integrating DNA extraction and real-time PCR for
the detection of bacteria in saliva. Lab Chip 13 (7), 1325e1332.

Oxford Nanopore, 2016. VolTRAX: Rapid, Programmable, Portable,
Disposable Sample Processor [Online] Available at: https://
publications.nanoporetech.com/2016/05/26/voltrax-rapid-

programmable-portable-disposable-sample-processor/.
Paegel, B.M., Blazej, R.G., Mathies, R.A., 2003. Microfluidic devices for

DNA sequencing: sample preparation and electrophoretic analysis.
Curr. Opin. Biotechnol. 14 (1), 42e50.

Paegel, B.M., et al., 2002. High throughput DNA sequencing with a
microfabricated 96-lane capillary array electrophoresis bioprocessor.
Proc. Natl. Acad. Sci.U. S. A 99 (2), 574e579.

Paliwal, A., Vaissière, T., Herceg, Z., 2010. Quantitative detection of DNA
methylation states in minute amounts of DNA from body fluids.
Methods 52 (3), 242e247.

Park, B.H., Kim, Y.T., Jung, J.H., Seo, T.S., 2014. Integration of sample
pretreatment, mPCR, and detection for a total genetic analysis
microsystem. Microchim. Acta 181 (13e14), 1655e1668.

Pekin, D., et al., 2011. Quantitative and sensitive detection of rare muta-

tions using droplet-based microfluidics. Lab Chip 11 (13),
2156e2166.

Pennisi, E., 2016. Pocket DNA sequencers make real-time diagnostics a

reality. Science 351 (6275), 800e801.

Advances in Microfluidics and Lab-on-a-Chip Technologies Chapter | 11 215

https://publications.nanoporetech.com/2016/05/26/voltrax-rapid-programmable-portable-disposable-sample-processor/
https://publications.nanoporetech.com/2016/05/26/voltrax-rapid-programmable-portable-disposable-sample-processor/
https://publications.nanoporetech.com/2016/05/26/voltrax-rapid-programmable-portable-disposable-sample-processor/


Perez-Toralla, K., et al., 2015. FISH in chips: turning microfluidic fluo-

rescence in situ hybridization into a quantitative and clinically reliable
molecular diagnosis tool. Lab Chip 15 (3), 811e822.

Pje�s�ci�c, I., Crews, N., 2012. Genotyping from saliva with a one-step

microdevice. Lab Chip 12 (14), 2514e2519.
Pje�s�ci�c, I., et al., 2011. Real-time damage monitoring of irradiated DNA.

Integr. Biol. 3 (9), 937e947.
Pje�s�ci�c, I., Tranter, C., Hindmarsh, P.L., Crews, N.D., 2010. Glass-

composite prototyping for flow PCR with in situ DNA analysis.
Biomed. Microdevices 12 (2), 333e343.

Prakash, R., et al., 2014. Multiplex, quantitative, reverse transcription PCR

detection of influenza viruses using droplet microfluidic technology.
Micromachines 6 (1), 63e79.

Priye, A., Ugaz, V.M., 2016. Convective PCR thermocycling with

smartphone-based detection: a versatile platform for rapid, inexpen-
sive, and robust mobile diagnostics. In: Lu, C., Verbridge, S.S. (Eds.),
Microfluidic Methods for Molecular Biology. Springer International

Publishing, s.l., pp. 55e69.
Priye, A., et al., 2016. Lab-on-a-drone: toward pinpoint deployment of

smartphone-enabled nucleic acid-based diagnostics for mobile health
care. Anal. Chem. 88 (9), 4651e4660.

Quick, J., et al., 2016. Real-time, portable genome sequencing for Ebola
surveillance. Nature 530 (7589), 228e232.

Ro, K.W., Liu, J., Knapp, D.R., 2006. Plastic microchip liquid

chromatography-matrix-assisted laser desorption/ionization mass spec-
trometry using monolithic columns. J. Chromatogr. A 1111 (1), 40e47.

Romanov, V., Davidoff, S.N., Miles, A.R., Grainger, D.W., Gale, B.K.,

Benjamin, B.D., 2014. A critical comparison of protein microarray
fabrication technologies. Analyst 139 (6), 1303e1326.

Safavieh,M., et al., 2014.A simple cassette as point-of-care diagnostic device
for naked-eye colorimetric bacteria detection.Analyst 139 (2), 482e487.

Sainiemi, L., et al., 2012. A microfabricated micropillar liquid chro-
matographic chip monolithically integrated with an electrospray
ionization tip. Lab Chip 12 (2), 325e332.

Samuel, R., et al., 2016. 40 cycle PCR using human genomic DNA. In:
Less than 1 Minute. Dublin, Ireland, Proceedings of MicroTAS 2016.

Sanvicens, N., Pastells, C., Pascual, N., Marco, M.-P., 2009. Nanoparticle-

based biosensors for detection of pathogenic bacteria. TrAC Trends
Anal. Chem. 1243e1252.

Sato, K., Tachihara, A., Renberg, B., Mawatari, K., Sato, K., Tanaka, Y.,

Jarvirus, J., Nilsson, M., Kitamori, T., 2010. Microbead-based rolling
circle amplification in a microchip for sensitive DNA detection. Lab
Chip 10 (10), 1262e1266.

Sayad, A.A., et al., 2016. A microfluidic lab-on-a-disc integrated loop

mediated isothermal amplification for foodborne pathogen detection.
Sens. Actuators B Chem. 227, 600e609.

Schoenitz, M., Grundemann, L., Augustin, W., Scholl, S., 2015. Fouling in

microstructured devices: a review. Chem. Commun. 8213.
Schuler, F., et al., 2016. Digital droplet PCR on disk. Lab Chip 16 (1),

208e216.

Shamsi, M.H., Choi, K., Ng, A.H., Wheeler, A.R., 2014. A digital micro-
fluidic electrochemical immunoassay. Lab Chip 14 (3), 547e554.

Shih, S.C., et al., 2012. Dried blood spot analysis by digital microfluidics
coupled to nanoelectrospray ionization mass spectrometry. Anal.

Chem. 84 (8), 3731e3738.
Song, Y., et al., 2015. Size-based cell sorting with a resistive pulse sensor

and an electromagnetic pump in a microfluidic chip. Electrophoresis

36 (3), 398e404.
Srbek, J., Eickhoff, J., Effelsberg, U., Kraiczek, K., van de Goor, T.,

Coufal, P., 2007. Chip-based nano-LC-MS/MS identification of

proteins in complex biological samples using a novel polymer

microfluidic device. J. Sep. Sci. 30 (13), 2046e2052.
Stumpf, F., et al., 2016. LabDisk with complete reagent prestorage for

sample-to-answer nucleic acid based detection of respiratory pathogens

verified with influenza A H3N2 virus. Lab Chip 16 (1), 199e207.
Sundberg, S.O., et al., 2014. Quasi-digital PCR: enrichment and quantifi-

cation of rare DNA variants. Biomed. Microdevices 16 (4), 639e644.
Sun, Y., et al., 2015. A lab-on-a-chip system with integrated sample

preparation and loop-mediated isothermal amplification for rapid and
quantitative detection of Salmonella spp. in food samples. Lab Chip
15 (8), 1898e1904.

Tanaka, Y., et al., 2011. Single-molecule DNA patterning and detection by
padlock probing and rolling circle amplification in microchannels for
analysis of small sample volumes. Anal. Chem. 83 (9), 3352e3357.

Tehranirokh, M., Kouzani, A.Z., Francis, P.S., Kanwar, J.R., 2013.
Microfluidic devices for cell cultivation and proliferation. Bio-
microfluidics 7 (5), 051502.

Teh, S.-Y., Lin, R., Hung, L.-H., Lee, A.P., 2008. Droplet microfluidics.
Lab Chip 8 (2), 198e220.

Thompson, A.M., et al., 2014. Microfluidics for single-cell genetic anal-
ysis. Lab Chip 14 (7), 3135e3142.

Thuy, T.T., Inganäs, M., Ekstrand, G., Thorsén, G., 2010. Parallel sample
preparation of proteins, from crude samples to crystals ready for
MALDI-MS, in an integrated microfluidic system. J. Chromatogr. B

878 (28), 2803e2810.
Tian, H., Hühmer, A.F., Landers, J.P., 2000. Evaluation of silica resins for

direct and efficient extraction of DNA from complex biological

matrices in a miniaturized format. Anal. Biochem. 283 (2), 175e191.
Tröger, V., N., K., Gärtig, C., Kuhlmeier, D., 2015. Isothermal amplifi-

cation and quantification of nucleic acids and its use in microsystems.
J. Nanomedicine Nanotechnol. 6 (282), 2.

Unger, M.A., et al., 2000. Monolithic microfabricated valves and pumps
by multilayer soft lithography. Science 113e116.

Vergauwe, N., et al., 2011. A versatile electrowetting-based digital micro-

fluidic platform for quantitative homogeneous and heterogeneous bio-
assays. J. Micromechanics Microengineering 21 (5), 054026.

Volpatti, L.R., Yetisen, A.K., 2014. Commercialization of microfluidic

devices. Trends Biotechnol. 32 (7), 347e350.
Weisenberger, D.J., et al., 2008. DNA methylation analysis by digital

bisulfite genomic sequencing and digital MethyLight. Nucleic Acids

Res. 36 (14), 4689e4698.
Wheeler, A.R., et al., 2005. Digital microfluidics with in-line sample pu-

rification for proteomics analyses with MALDI-MS. Anal. Chem. 77
(2), 534e540.

Whitesides, G.M., 2006. The origins and the future of microfluidics.
Nature 368e373.

Woolley, A.T., Mathies, R.A., 1995. Ultra-high-speed DNA sequencing

using capillary electrophoresis chips. Anal. Chem. 67 (20), 3676e3680.
Xie, J., et al., 2005. Microfluidic platform for liquid chromatography-

tandem mass spectrometry analyses of complex peptide mixtures.

Anal. Chem. 77 (21), 6947e6953.
Xue, G., Pang, H.-M., Yeung, E.S., 2001. On-line nanoliter cycle

sequencing reaction with capillary zone electrophoresis purification
for DNA sequencing. J. Chromatogr. A 914 (1), 245e256.

Xu, Z.-R., et al., 2010. A miniaturized spatial temperature gradient
capillary electrophoresis system with radiative heating and automated
sample introduction for DNA mutation detection. Electrophoresis 31

(18), 3137e3143.
Yetisen, A.K., Volpatti, L.R., 2014. Patent protection and licensing in

microfluidics. Lab Chip 2217e2225.

216 Molecular Diagnostics



Yin, H., et al., 2005. Microfluidic chip for peptide analysis with an inte-

grated HPLC column, sample enrichment column, and nano-
electrospray tip. Anal. Chem. 77 (2), 527e533.

Zhang, H., et al., 2013. Detection of low-abundance KRAS mutations in

colorectal cancer using microfluidic capillary electrophoresis-based
restriction fragment length polymorphism method with optimized
assay conditions. PLoS One 8 (1), e54510.

Zhang, Y., et al., 2009. DNA methylation analysis on a droplet-in-oil PCR

array. Lab Chip 9 (8), 1059e1064.
Zhu, Z., et al., 2012. Highly sensitive and quantitative detection of rare

pathogens through agarose droplet microfluidic emulsion PCR at the

single-cell level. Lab Chip 12 (20), 3907e3913.

Advances in Microfluidics and Lab-on-a-Chip Technologies Chapter | 11 217



Chapter 12

Protein Diagnostics by Proximity
Ligation: Combining Multiple
Recognition and DNA Amplification for
Improved Protein Analyses

G. Cane, K.-J. Leuchowius, O. Söderberg, M. Kamali-Moghaddam, M. Jarvius, I. Helbing, K. Pardali, B. Koos,
T. Ebai and U. Landegren
Uppsala University, Uppsala, Sweden

12.1 INTRODUCTION

Having the total human genome sequence information in our
hands, and no longer only represented in our cell nuclei, we
now face exciting opportunities to analyze all of the protein
products encoded in our genomes. The rapidly improving
ability to investigate large numbers of proteins with excel-
lent precision in extensive series of patient samples at
moderate cost, first in research and then clinically, will
greatly affect health care through expanded opportunities for
molecular diagnostics. Whereas genetic diagnostics mainly
uncovers the potential to develop a disease, protein di-
agnostics can elucidate ongoing physiologic states,
including diseases, because proteins are the main gene
products constituting the phenotype. Therefore, protein-level
analyses allow early diagnosis, serving to reveal subclinical,
still treatable diseases. Future high-performance protein as-
says stand to improve the functional understanding of
physiologic and pathologic processes, and measurements of
amounts of specific proteins and their modifications and
interactions can provide new approaches to protein di-
agnostics. Protein assays can also assist in the selection of
optimal treatments and monitoring of disease progression,
thus offering important benefits in health care. Methods
intended for point-of-care or even used in households to
diagnose signs of diseases such as infections should be
highly sensitive, robust, easy to implement and use, and
affordable. However, currently available methods for protein
detection do not fulfill these requirements adequately. In

particular, highly parallel approaches will be needed both in
research and clinically. High-throughput techniques for
proteome analyses are required to process the information
embodied in large-scale collections of human samples such
as population-wide biobanks. In particular, consecutive
samples collected from the same individuals at different
times represent valuable resources for the identification of
diagnostic protein markers, provided appropriate high-
throughput protein detection methods become available
(Jackson and Banks, 2010).

Proteome analyses are complicated by the enormous
concentration ranges of protein classes in samples such as
plasma, and to a lesser extent within cells and tissues,
which places stringent demands on the ability to distinguish
proteins that may differ by many orders of magnitude in
concentrations. This selectivity problem is further com-
pounded by the presence of structurally similar but func-
tionally different variants of proteins that frequently arise
via mechanisms such as differential splicing, processing,
and posttranslational modifications. Moreover, alterations
in protein function are manifested not only by modulation
of the expression level and their covalent modifications but
also by their rearrangement in complexes, which necessi-
tates the characterization of interactions among sets of
proteins in parallel with individual protein molecules.

Whereas mass spectrometry has emerged as a powerful
research tool for mapping the protein composition in bio-
logical samples, assays based on reagents with affinity for
specific proteins remain the most promising avenue for
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protein-based diagnostics. However, this approach is
limited by the difficulty of generating affinity reagents that
combine high specificity and sensitivity at a moderate cost.
Therefore, several initiatives are under way aiming to raise
comprehensive sets of affinity reagents against large sub-
sets of human proteins, and ultimately all of them (Taussig
et al., 2013). However, because of the risk of cross-
reactivity with antigenic epitopes presented by uninten-
tionally targeted proteins, it is unlikely that practically
monospecific affinity reagents can be developed except for
relatively abundantly expressed proteins, for which risks of
cross-reactivity are much lower. Moreover, individual
binders can recognize only epitopes that represent a small
part of a protein, ignoring any concomitant and diagnosti-
cally relevant remote epitopes, emerging from proteine
protein interactions, posttranslational modification, protein
truncation, or fusion. Accordingly, assays that combine
simultaneous binding to multiple epitopes on target mole-
cules are needed for enhanced selectivity and reduced risks
of cross-reactivity.

In this chapter, we will provide a brief description of
current methods for protein analyses, as a background to a
description of a general molecular strategy for protein an-
alyses, the proximity ligation, extension, and hybridization
chain reaction assays, and we discuss future developments
of these techniques.

12.2 BINDING THE PROTEOME

Binding reagents are of central importance in most methods
used to study proteins. It is not possible to construct re-
agents capable of binding specific proteins on the basis of
knowledge of the sequence of amino acid in the proteins.
This is in stark contrast to the situation for DNA hybridi-
zation probes, in which simple rules for base pairing can be
employed to design specific probes. Therefore, protein
binding reagents are typically obtained by processes of
selection, either in vivo or in vitro, from large repertoires of
molecules with constant and variable sequence elements.
Depending on how reagents are generated and selected,
they may preferentially recognize denatured linear peptides
or three-dimensional determinants. As a consequence, the
reagents may differ in their suitability for assays in which
proteins are either in a native and fully processed config-
uration, such as tissue homogenate and serum, or chemi-
cally and/or heat-denatured, such as in
immunohistochemistry or sodium dodecyl sulfatee
polyacrylamide gel electrophoresis (SDS-PAGE) and
Western blotting.

Polyclonal and monoclonal antibodies are the most
commonly used sources of protein binders. The diversity of
antibodies generated by rearrangements of multiple gene
segments, combined with junctional diversity and somatic
hypermutation and gene conversion, provides a wide

repertoire of antibodies for the selection of high-affinity
binders against virtually any target protein. Besides
in vivo immunizations, antigen binding fragments of anti-
body can be selected from large libraries in,
e.g., bacteriophages, or expressed together with their
encoding nucleotide sequences by ribosome or RNA
display. These same in vitro selection techniques have
permitted the development of a growing list of scaffold
proteins, with variable sequences that can form protein-
binding clefts and surfaces. Repeat protein binders such
as designed ankyrin repeat proteins (DARPins) and arma-
dillo repeat proteins are examples of scaffold proteins used
as affinity binders (Binz et al., 2005; Helma et al., 2015). In
addition, DNA- or RNA-aptamers can be selected from
nucleic acid libraries to bind proteins with high affinity
(Tuerk and Gold, 1990; Bock et al., 1992). Moreover, a
library of natural nonimmunoglobulin binders is readily
available including ligands that can be used to detect re-
ceptors, and glycan-binding proteins predominantly
employed for the characterization of carbohydrate modifi-
cations of proteins (Daly and Mcgrath, 2003; Song et al.,
2011). A number of projects have been initiated to establish
comprehensive repertoires of binding agents against large
numbers of identified human proteins, and eventually all of
them. Examples of such initiatives include the Human
Proteome Atlas (http://www.proteinatlas.org), developing
polyclonal affinity-purified antibodies against human pro-
teins; the National Cancer Institute, generating monoclonal
antibodies against proteins of special interest in malig-
nancy; and the European Union project Affinomics (http://
www.affinomics.org), involving a number of mainly
European groups, developing protein binding reagents
(Stoevesandt and Taussig, 2012). It is therefore reasonable
to assume that reliable clonal and replenishable binding
reagents that can be widely shared among laboratories will
be increasingly available for protein detection in years to
come. Accordingly, assays must now be established where
such reagents can be applied for extensive analysis of the
proteome.

12.3 CURRENT AFFINITY-BASED
PROTEIN DETECTION ASSAYS

Early protein-detection assays depended on target binding
by single antibodies, such as the radioimmunoassays
developed in the late 1950s (Yalow and Berson, 1960).
Sandwich immunoassays, first published less than 10 years
later, improved detection selectivity, sensitivity, and con-
venience by depending on the recognition of the target by
two antibodies, one immobilized on a solid support and
responsible for the initial capture of the antigen and the
second added subsequently in solution and detectable via a
reporter enzyme (Wide et al., 1967; Engvall and Perlmann,
1971). In a different manner, SDS-PAGE and Western
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blotting enable the identification of proteins according to
their electrophoretic mobility followed by immunoblotting
with an antibody recognizing the protein target, thereby
improving selectivity over assays exclusively dependent on
recognition by a single-binder (Towbin et al., 1979). From
early on, the approach to develop enzyme-linked immu-
nosorbent assay (ELISA) and related methods further
emphasized microtiter formats and automation for simul-
taneous analysis of large number of samples and protein
analytes (Voller et al., 1974; Voller and O’Neill, 1971).
The selectivity of detection in array-based assays can be
improved by using a sandwich format with a pair of anti-
bodies, but the rapidly increasing risks of cross-reactive
binding among noncognate antibody pairs tend to limit
such assays to a few tens of analytes (Fig. 12.1; Nielsen and
Geierstanger, 2004). Highly sensitive sandwich immune
assays have been developed to detect single protein mole-
cules in which individual detection complexes are confined
in femtoliter wells for digital detection (Rissin et al., 2010).
In another approach to digital protein detection,
antibodyetarget complexes are diluted in low cross-section
capillaries to count single molecules that have been bound
by fluorophore-labeled antibodies (Todd et al., 2007).

Immunohistochemistry is another widely used method in
diagnostics that relies on the detection of proteins by primary
or secondary antibodies covalently attached to detectable
moieties such as fluorophores, rare earth metals, radioisotopes,
or enzymes catalyzing a chromogenic reaction (Coons and
Kaplan, 1950). Fluorescent dyes generate a signal propor-
tional to the amount of bound antibodies, and thus increase the
amount of fluorophores present per antibody can enhance the
signal. However, for low-abundance proteins or in cases of
high background fluorescence, signal amplification may be

required to improve the signal-to-noise ratio. Reactions
involving antibody-conjugated enzymes result in signal
amplification when substrate molecules are converted into
detectable products. The strength of the signal increases over
time, potentially allowing the detection of lower concentra-
tions of antigens, although generally also increasing nonspe-
cific signals in parallel and thus limiting any improvement of
signal over background.

Complementary to in situ detection methods, digital
imaging and post-acquisition processing are also of interest
by enabling quantification of the readout signal and
demonstrating the distribution of target proteins in fixed
cells and tissues (Stack et al., 2014).

12.4 PROXIMITY-DEPENDENT NUCLEIC
ACIDeBASED ASSAYS

The advantages of polymerase-based DNA amplification
have been exploited in protein detection assays by conju-
gating single-stranded oligonucleotides to affinity probes.
Thereby polymerase chain reaction (PCR) can be used to
amplify detection signals exponentially from bound anti-
bodies with attached DNA strands in immuno-PCR re-
actions (Sano et al., 1992). The mechanism lends itself to
multiplex assays in which each antibody is conjugated to a
unique DNA oligonucleotide that can be amplified by PCR
and identified. The amount of each PCR product correlates
to the amount of antibody bound to an antigen, and thus to
the amount of target protein in a sample. For localized
detection in, e.g., tissue sections, another method of DNA
amplification, rolling circle amplification (RCA), can be
used. A highly processive DNA polymerase such as the
bacteriophage phi 29 DNA polymerase can generate a long

FIGURE 12.1 The risk for cross-reactive binding among noncognate antibody pairs increases when the number of proteins detected simultaneously in a
sandwich immunoassay is increased. (A) When proteins are detected in singleplex, the risk of cross-reactive binding is low because target proteins must be
recognized by both the capture antibody and the detection antibody for a positive identification. (B) In the case of multiplex detection, opportunities for
cross-reactions increase rapidly. Any pair of capture and detection antibodies can result in detection signals, and whereas numbers of correct detection
reactions increase linearly with increasing numbers of parallel assays, risks of cross-reactions grow roughly as the square of the numbers of reactions.
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single-stranded concatemer of complements of a circular
DNA strand used to template the reaction. The DNA
molecule that forms can reach tens of micrometers in length
but can be rolled up in a ball of DNA of submicrometer
dimensions. The RCA technique has been used in immuno-
RCA (Schweitzer et al., 2000; Wiltshire et al., 2000; Gusev
et al., 2001), in which oligonucleotides are conjugated to
antibodies and used to prime RCA reactions of subse-
quently added circular DNA strands. By hybridizing oli-
gonucleotides labeled with fluorophores to the repeated
sequences in the rolling circle products, the bundles of
DNA can easily be visualized by fluorescence microscopy
as brightly fluorescent spots, and the location of the binding
event can be deduced.

A main consideration for all kinds of protein binding
reagents is their selectivity for a target molecule. For pos-
itive identification of a protein, ideally the binder should
interact with the correct protein with high affinity, and it
should exhibit minimal cross-reactivity to other proteins.
As discussed earlier, the selectivity of the detection reaction
can be increased by adding a second selection criterion,
such as the binding of a second antibody or by dis-
tinguishing target proteins according to their molecular
weight or isoelectric charge, as performed in sandwich
immune assays, Western blots, and after two-dimensional
gel electrophoresis, respectively. In a related manner,
proximity ligation reactions depend on proximal binding by
two or more proximity ligation probes to increase the
selectivity, whereas the sensitivity of the assays is
improved by DNA amplification.

12.4.1 Proximity-Dependent Assays to
Detect Proteins in Solution

In proximity ligation assays (PLA), single-stranded DNA
oligonucleotides are conjugated to antibodies, and the
conjugates are referred to as PLA probes. One antibody is
coupled to an oligonucleotide via its 30-end and another
antibody is coupled to a second oligonucleotide via its 50-
end. When two PLA probes with different DNA-strands
bind the same target protein or protein complex, a subse-
quently added connector oligonucleotide can hybridize to
each free extremity of the conjugated DNA strands and
guide their connection by enzymatic ligation. This creates a
DNA molecule that can then be amplified and quantified,
for instance by real-time PCR, whereas remaining non-
ligated DNA strands cannot be amplified. By optimizing
the design of the sequences to ensure that minimal ligation
products form in the absence of target, subpicomolar levels
of proteins can be detected by signal amplification through
real-time PCR in a homogeneous assay with no need for
washes or separations (Fredriksson et al., 2002; Gullberg
et al., 2004; Fig. 12.2).

In a solid-phase variant of PLA, the target molecules
to be detected are first captured by antibodies immobilized
on a solid surface, as in sandwich ELISA, while buffer
and excess components are removed by washes. There-
after, a pair of PLA probes is added, unbound probes are
removed by washes, and then the ligation reaction is
performed followed by amplification of the connected
DNA strand. The method provides further increased
sensitivity of protein detection, and even single infectious
units of microbial pathogens, virus, and bacteria can be
demonstrated using this solid-phase format of PLA
(Gustafsdottir et al., 2006). Generally, the solid-phase
assay format has particular advantages for detecting rare
molecules in dilute samples or in samples that contain
components that can interfere with the detection reaction;
the benefits of the homogeneous variant of PLA are the
requirement for small amounts of sample and the simple
and convenient assay procedure (Fredriksson et al., 2007).
Both assay formats have been shown to permit multiplex
analysis, because the DNA reactions can be used to
ensure that only correct combinations result in detectable
signals, whereas sandwich immune reactions, for instance,
demonstrate increased cross-reactivity when more re-
actions are performed in parallel.

Other variants of PLA include the 3PLA and 4PLA. In
3PLA, the assays are designed to require target recognition
by three PLA probes and two ligation events to form a
complete PCR template (Schallmeiner et al., 2007). Simi-
larly, the 4PLA requires the specific recognition of four
different epitopes of the target by the PLA probes. The new
molecule formed by three ligation events is then amplified
and quantified by quantitative PCR (qPCR) (Tavoosidana
et al., 2011). The requirement for simultaneous binding by
several affinity binders decreases nonspecific background
signal that may be caused by target-independent ligation or
cross-reactivity for related target molecules, and hence even
lower concentrations of the correct target protein can be
detected over background signals. Furthermore, assays that
depend on three binding events can be used to detect
complex protein interactions or modifications involving
three target epitopes (Schallmeiner et al., 2007). PLA has
been successfully combined with array readout for parallel
protein detection in a small-scale experiment, and the
method is also suitable for identifying pairs of interacting
proteins among a large set of proteins (Ericsson et al.,
2008). The proximity ligation technique has also been
adapted to examine interactions between proteins and
specific DNA sequences (Gustafsdottir et al., 2007), which
illustrates the versatility of this new detection mechanism.
PLA has also been optimized for the simultaneous detec-
tion of 36 proteins using as little as 5 mL of plasma from
patients with cardiovascular diseases as a proof of concept.
Here, oligonucleotides carrying unique DNA tag sequences

222 Molecular Diagnostics



were conjugated to antibodies targeting the proteins of in-
terest. After amplification via universal primer sequences,
reporter strands for specific detected proteins were identi-
fied and quantified by qPCR or next-generation sequencing
readout, the so-called ProteinSeq. The reagents and the
midplex format readout have been selected with the
intention of further increasing the number of measurements
with the aim of reaching still higher multiplexing and
throughput (Darmanis et al., 2011).

Assay formats based on mix and read procedure without
sample processing and washing steps have advantages for
molecular diagnostics. They are straightforward to execute
and more reproducible and require less calibration and data
processing for complex samples such as human plasma.
The proximity extension assay (PEA) is a homogeneous
assay for protein detection based on antibodies conjugated
to single-stranded DNA oligonucleotides, as described
previously for PLA. In PEA, short unique complementary

1) Proximity probe hybridization 2) Connector oligonucleotide 
hybridization and ligation

(A)

(B)

FIGURE 12.2 (A) Schematic description of a homogeneous proximity ligation assay. (1) The target protein is recognized by the antibody parts of two
different proximity ligation assay (PLA) probes, bringing their attached DNA strands in proximity during a first incubation. (2) Next, reactions are diluted
and a connector oligonucleotide is added that can hybridize to both ends of DNA strands of pairs of PLA probes remaining in proximity by virtue of
having bound the same target protein. Thus, the oligonucleotides can be joined by ligation, forming DNA reporter molecules for all detected proteins. (3)
These DNA strands are then used for polymerase chain reaction (PCR) with real-time detection of the accumulating amplification products as a measure of
the quantity of detected proteins. (B) An illustration of typical PLA-based real-time PCR results for quantification of tumor necrosis factor-a. IFN,
interferon.
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sequences located at the free 30-end of each oligonucleotide
hybridize to each other when brought in close proximity,
allowing their subsequent polymerase-mediated extension.
The oligonucleotides carry sequences targeted by PCR
primers designed to be specific for each target protein
enabling multiple analyte detection. An improvement in the
method includes a preamplification step right after the
extension via hybridization sequences for universal primers
providing higher sensitivity of detection. Thereafter, a
DNA polymerase generates amplicons that are subse-
quently distributed in a microfluidic device to amplify
specific targets individually that are quantifiable by stan-
dard quantitative real-time PCR (Fig. 12.3; Lundberg et al.,
2011; Assarsson et al., 2014). Optimization of the protocol
introduced the hyperthermostable DNA polymerase Pwo in

place of the Taq polymerase widely used in qPCR ampli-
fication, because the former also can serve to perform the
initial extension reaction at room temperature without
affecting the sensitivity of the assay, which makes the assay
even more suitable for molecular diagnostics. So far, a 96-
plex PEA immunoassay combined to microfluidic real-time
PCR readout (Fluidigm) has been tested and validated with
various complex samples routinely used in molecular di-
agnostics such as serum, plasma, dried blood spots, and
tissue lysates (Assarsson et al., 2014). The assay can be
carried out in a volume as little as 1 mL and has a femto-
molar limit of detection and up to a 5-log dynamic range. It
opens up a new horizon in molecular diagnostics with the
possibility of detecting low abundant proteins in plasma
samples (Lundberg et al., 2011). Furthermore, the assays

(A)

(B)

FIGURE 12.3 (A) Schematic representation of proximity extension assay (PEA). (1) Target proteins are recognized by pairs of PEA probes in a small
reaction volume. (2) Because of the proximity of the probes binding the same target, the complementary 30-ends of the antibody-conjugated DNA strands
can anneal, allowing them to be extended by a DNA polymerase, and thus form a template for parallel preamplification (3). (4) Pairs of unique primers
hybridize to the amplicons and the amplified products are detected and selectively quantified by real-time quantitative polymerase chain reaction (PCR)
amplification with the Fluidigm� microfluidic device. (B) Schematic representation of multiplexed proximity extension assay (based on Olink Bio-
science� scheme). Each unique pair of primers hybridizes only to their respective matched pair of probes, thus reducing the risk of cross-reactivity. The
multiwell format allows multiplexed detection of almost 100 proteins and uses as little as a 1-mL sample. PEA is commercially available from Olink
Bioscience� under the names of Proseek and Proseek Multiplex.
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have been shown to reach sensitivities required for protein
measurement in single cells (Darmanis et al., 2016). Since
the development of the initial protocol, PEA has enabled
the discovery of biomarkers for atherosclerosis, inflamma-
tory bowel diseases, and colorectal neoplasia (Lind et al.,
2015; Kalla et al., 2015; Thorsen et al., 2013). The assay
has shown improved sensitivity of detection compared with
currently used methods for detecting influenza An H1 vi-
ruses in nasopharyngeal swab samples (Van Wesenbeeck
et al., 2013).

12.4.2 Proximity-Dependent Assays to
Detect Proteins In Situ

Information about the subcellular location of protein and
protein complexes and about their cell-to-cell variations
within a tissue can provide important insights into the
functional status of cells. PCR is not suitable for localized
detection in cells or tissues, because PCR products tend to
diffuse freely. Instead, by combining PLA with RCA, a
prominent localized detection signal can be obtained at the
site of specific recognition of individual target molecules,
and with minimal background. For this purpose, samples
are first incubated with pairs of PLA probes. If these probes
bind in proximity, their attached DNA strands can serve as
templates in a ligation reaction joining the ends of two
outermost oligonucleotides that are included in the ligation
reaction. This results in DNA circles that can next be
replicated by RCA using one of the antibody-bound oli-
gonucleotides as a primer. The localized amplification
products are then visualized using fluorescence-labeled
oligonucleotides that hybridize to the resulting RCA
product (Soderberg et al., 2006; Fig. 12.4). The intensity of
the brightly fluorescent spots, representing individual RCA
products, reduces problems with background fluorescence.
The individual fluorescence signals can be quantified
digitally with the help of freely available software packages
such as “BlobFinder,” developed by Allalou and Wählby,
and CellProfiler, developed at the Whitehead Institute for
Biomedical Research and MIT’s CSAIL (http://www.cb.
uu.se/wamin/BlobFinder; http://www.cellprofiler.org/) for
objective evaluation of the results.

The requirement for dual recognition by PLA probes
greatly improves the selectivity of the method compared
with immuno-RCA, because individual detection probes
and other nucleic acids fail to result in circular DNA
strands; as a consequence, no RCA products form unless
dual recognition is achieved. The two PLA probes can be
selected to bind to the same molecule for increased selec-
tivity of detection, but they can also target two different
proteins in a complex.

In the standard format of the assay, the distance between
the bound PLA probes should be below tens of nanometers
to give rise to detection signals. The antibodies add

distance, so the targeted epitopes should be located within
20e40 nm, depending on whether primary or secondary
PLA probes are used. Several different variants of in situ
PLA have been developed (Koos et al., 2014) that extend
the dynamic range (Clausson et al., 2011), reduce the size
of the RCA products (Clausson et al., 2015), and facilitate
parallel analysis of multiple proximity events (Leuchowius
et al., 2013). Also, the use of DNA probes (Gomez et al.,
2014; Weibrecht et al., 2012) and recombinant affinity re-
agents (Gu et al., 2013) as PLA probes have increased the
numbers of possible targets for in situ PLA assays.

In situ PLA has been used successfully in hundreds of
scientific papers to detect proteineprotein interactions,
targeting several signaling pathways, e.g., epidermal
growth factor receptor/HER (Spears et al., 2012; Smith
et al., 2015), transforming growth factor-b (Sundqvist
et al., 2013; Zieba et al., 2012; Grannas et al., 2015), and
Wnt (Figueiredo et al., 2013; Ribeiro et al., 2013; Huels
et al., 2015) and for analysis of posttranslational modifi-
cations (PTMs) using pairs of antibodies in which one
targets the core protein and the other a modified residue,
e.g., phosphorylation (Jarvius et al., 2007) or glycosyla-
tion (Ricardo et al., 2015; Conze et al., 2010). Applica-
tions of in situ PLA for the detection of protein
interactions have great potential for screening purposes in
drug discovery and molecular diagnostics. The assay has
the potential to be semiautomated and run in such a way so
as to monitor for the formation or disruption of protein
complexes, changes of subcellular localization, and
simultaneous co-staining to facilitate the image analysis
process (Leuchowius et al., 2010).

In situ PLA has also been used to study post-
translational modifications by using one antibody directed
against platelet-derived growth factor receptor-b
(PDGFR-b) and one antibody binding a phosphorylated
tyrosine residue of the ligand stimulated receptor (Jarvius
et al., 2007). In these experiments, samples were first
incubated with a polyclonal rabbit antiserum against the
receptor and a mouse monoclonal antibody directed
against the phosphorylated residue. Next, two
oligonucleotide-conjugated antibodies directed against
rabbit and mouse immunoglobulin, respectively, were
added to perform an in situ PLA. With this approach,
standard oligonucleotide-conjugated secondary antibodies
can be used for in situ PLA as long as the pair of primary
antibodies is derived from two different animal species.
This eliminates the need to construct antibodye
oligonucleotide conjugates for all primary antibodies, thus
saving time, cost, and effort.

Using in situ PLA to detect posttranslational modifi-
cations and, in particular, phosphorylations can also pro-
vide valuable information for molecular diagnostics and
drug discovery and development. Detecting phosphory-
lation of a specific protein among other highly
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homologous proteins in disease tissue in situ is a signifi-
cant challenge. Examples of relevant proteins are members
of evolutionary conserved family of receptors mediating
immune-related diseases such as Toll-like receptors or

downstream effector molecules such as component of the
transcription factors of the nuclear factor-kB family pro-
posed as biomarkers for various inflammatory diseases
and cancers (Frans et al., 2014; Gambara et al., 2013). In

1) Proximity probe binding 2) Circularization of oligonucleotides
     by ligation

4) Detection of rolling circle products

(A)

(B)

FIGURE 12.4 (A) Schematic presentation of in situ proximity ligation assay (PLA). Proximal binding by a pair of PLA probes (antibodies with
attached DNA strands) to a target protein or pair of interacting proteins serves to template the formation of circular DNA molecules by ligation. The
circular DNA molecules are then amplified by rolling circle amplification (RCA), primed by one of the PLA probes. The localized amplification
reaction results in a concatemeric DNA product covalently attached to one of the proximity probes, and the RCA product can subsequently be
visualized by hybridization of fluorescence-labeled oligonucleotides. (B) In situ PLA using secondary PLA probes detecting a pair of primary
antibodies, directed against platelet-derived growth factor receptor-b and one of its phosphorylated tyrosine residues, respectively. Phosphorylated
receptors are visualized as red (white in print versions) dots in cells that have been counterstained with antibodies directed against actin (green (gray in
print versions)) and with the DNA binding Hoechst dye (blue (light gray in print versions)) to visualize the cytoplasm and the nucleus, respectively
(Jarvius et al., 2007). PLA is commercially available from Olink Bioscience� under the name of Duolink.
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such cases, antibodies directed specifically against phos-
phorylated isoforms are generally not available because of
the high degree of similarity of the site in the vicinity of
the phosphorylated residue. Therefore, PLA remains the
most accurate option to detect isoform-specific phos-
phorylation in situ.

In situ PLA has been applied to detect PTMs and
messenger RNA (mRNA) molecules simultaneously in
the same fixed cells. To achieve this, protocols were
combined for protein detection via in situ PLA, and for
mRNA detection via padlock probes. Upon complemen-
tary DNA (cDNA) synthesis templated by mRNA mole-
cules of interest using locked nucleic acidecontaining
primers followed by RNase H digestion of the RNA
strand, a single-stranded padlock probe complementary to
the cDNA of interest was designed so that its 30- and 50-
ends could hybridize to the cDNA strand in juxtaposition.
Therefore, this oligonucleotide could be ligated to form a
circular DNA molecule. An artificially introduced G/A
mismatch between the padlock probe and the cDNA was
used to cleave the cDNA at the hybridization site,
permitting the priming of the RCA from the resulting free
30-end. The RCA products resulting from the padlock
probe used to detect mRNA and from the PLA probes
detecting the PTM could be separately visualized using
distinct fluorescence-labeled detection oligonucleotides
(Weibrecht et al., 2011, 2013).

Cost-effectiveness and reimbursement by third-party
payers are prerequisites in molecular diagnostics. There-
fore, newly developed assays emphasize cost reductions
through labor saving and reagents cost. In 2015, Koos and
coworkers applied a previously developed enzyme-free
DNA amplification method (Dirks and Pierce, 2004) to
monitor proteineprotein interaction and PTMs in situ
(Koos et al., 2015a). The first step of the so-called
proximity-dependent initiation of hybridization chain re-
action (proxHCR) is the recognition of targeted epitopes by
antibodies conjugated to oligonucleotides containing se-
quences complementary to each other but buried in a
hairpin structure. Upon hybridization of a short initiator
oligonucleotide to a sequence carried by one of the probes,
the hairpin structure unfolds and exposes the complemen-
tary sequence. This triggers the invasion of the hairpin
conjugated to the second antibody, provided that the pair of
antibodies have bound to epitopes in close proximity. The
subsequent chain reaction of events between pairs of
fluorophore-labeled oligonucleotide hairpins generates a
localized fluorescent product (Fig. 12.5). The method has
been applied on cell lines as well as fresh-frozen and
formalin-fixed, paraffin-embedded tissue material to detect
phosphorylated proteins such as the PDGFR and the Syk
protein and various proteineprotein interactions such as E-
cadherin/b-catenin known to serve as biomarker of cancer
aggressiveness (Koos et al., 2015a). In a near future,

proxHCR is expected to develop further because the
method originally described has been optimized for multi-
plex analysis and real-time detection, which renders the
procedure highly appealing for molecular diagnostics (Choi
et al., 2011; Niu et al., 2010; Chemeris et al., 2008).

12.5 CONCLUSION AND FUTURE
PERSPECTIVES

As discussed, opportunities for protein diagnostics are
excellent. The development of new therapies will be
increasingly accompanied by analysis of molecular
markers, both nucleic acids and proteins, to evaluate
clinical responses. Some of these assays will likely also
follow the drugs into clinical routine use in the form of
theranostic approaches. Molecular diagnostics can also be
expected to become more broadly accessible through the
development of simple new detection formats that vastly
increase the scope for point-of-care diagnostics. The
development of reagents and test architectures proceeds
along several lines. Alternative recombinant affinity
binders such as single chain fragments, nanobodies,
DARPins, and affibodies can present important advan-
tages because of their generally greater stability and easier
production, as well as their clonal nature, ensuring
reproducible production of binders. The combination of a
wide variety of protein-binding reagents with information-
carrying, amplifiable DNA strands can be a central
element of many new diagnostic approaches. The mech-
anism provides valuable opportunities for increasing both
the selectivity and sensitivity of detection. In contrast to
more standard approaches, multiple proteins can be
investigated in parallel without significantly increasing the
risk of cross-reactivity by ensuring that only cognate pairs
of proximity probes result in detection signals. Proximity-
dependent methods lend themselves to assays where pro-
tein levels are measured and where their distribution is
visualized in tissues, which illustrates the functional ef-
fects of signal transduction, developmental processes, and
the effects of disease and of therapeutic intervention. A
study demonstrated that the diagnostic value of protein
measurements using PEA can be further enhanced by
taking into account the genetic background of the sampled
individuals, as well as information about age, sex, body
mass index, etc. (Enroth et al., 2014). This study may
herald a new trend of considering patient-specific ranges
for protein concentrations, enhancing opportunities for
identifying variations of proteins that are significantly
associated with disease.

There are exciting opportunities for the further
development of the proximity techniques. Measurement
of proteins in solution is now performed simultaneously
for 92 proteins and four controls in 1-mL sample aliquots
using microfluidic readout. It is likely that higher
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multiplexing will be possible using other readout
methods, and the assay is compatible with a wide range of
readout formats. Examples of suitable readouts for
multiplex reactions include microfluidic real-time ampli-
fication reactions (Fredriksson et al., 2007), microarray
detection mechanisms (Ericsson et al., 2008), and tech-
niques for digital recording of individual PLA or PEA
reaction products using new parallel DNA sequencing
techniques (Schuster, 2008) or by digital readout of
single-protein molecules via RCA products (Ke et al.,
2013). Also, the in situ forms of the assay can be adapted
to permit higher multiplexing for parallel analysis of

numerous proteins and their interactions and modifica-
tions in the same sample for a better understanding of
cellular responses (Leuchowius et al., 2013). The diag-
nostic value of measuring multiple protein interactions
and posttranslational protein modifications is just one of
many existing opportunities that are currently emerging.
By retaining architectural information combined with
molecular profiling, the use of PLA and padlock probes
in situ can provide information about the microenviron-
ment in tissues, a level of detail that likely will be
essential to the prediction of future pathology
(Koos et al., 2015b).

2) ProxHCR probes binding 3) Activator oligonucleotide hybridization 

4) ProxHCR probe 2 invasion 
by 3’end of proxHCR probe1 

5) Chain reaction initiation 6) Chain reaction elongation

1) Hairpin-like structure 
of the proxHCR probes

proxHCR probe 1 proxHCR probe 2

FIGURE 12.5 Schematic presentation of proximity-dependent initiation of hybridization chain (proxHCR). (1) The DNA strand of each of the two
proxHCR probes is designed as a stem-loop structure named hairpin and is conjugated to secondary antibodies raised against different species, (2) thus
recognizing corresponding host species of primary antibodies targeting two different epitopes on a same or different proteins. (3) The opening of the
hairpin structure of proxHCR probe 1 strictly depends on the hybridization of an activator oligonucleotide to a sequence carries by the hairpin stem. (4)
The 30-end of proxHCR probe 1 thus freed can thereafter invade the hairpin loop of proxHCR probe 2 only if the probes have bound their target in close
proximity. (5, 6) The invasion triggers the extrusion of the 30-end of proxHCR probe 2 and initiates a chain of hybridization involving two species of
fluorescent-labeled hairpin-shaped oligonucleotides complementary to each other. This reaction results in the local deposition of fluorescent oligonu-
cleotides, resulting in bright focal signals at the site of binding by pairs of proxHCR probes.
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13.1 INTRODUCTION

Proteomics can be broadly defined as the large-scale study
of expressed proteins, which encompasses the identification
and characterization of proteins and peptides. Subfields of
proteomics include the analysis of posttranslational modi-
fications (PTMs), quantitative proteomics, and clinical
proteomics. The latter aims to identify and quantify mo-
lecular biomarkers of disease. Whereas this information can
be used to understand disease mechanisms, a major goal of
clinical proteomics is to develop highly specific and sen-
sitive diagnostic laboratory assays. In the clinical setting,
proteomics-based approaches offer the potential to trans-
form patient care through the deployment of these assays,
which ultimately can lead to personalized approaches for
therapeutic intervention.

This chapter will review proteomics-based biomarker
discovery strategies and examine how validation and veri-
fication of candidate molecules are conducted. Several ex-
amples of discovery-based and applied clinical proteomics
applications will be discussed. In addition, challenges and
shortcomings that exist in the adoption of proteomics-based
approaches in the clinical laboratory will be evaluated.
Finally, future approaches and technologies that aim to ease
the transition of proteomics-based approaches into the
clinical laboratory will be described.

13.2 CLINICAL IMPACT AND
“PROTEOMICS” POTENTIAL

A multitude of “next-generation” methodologies are
emerging as potential tools to provide the basis for rapid,
reliable, noninvasive, and inexpensive clinical assays. Such

assays are based on molecular markers and can be used to
assess disease risks, diagnose and characterize diseases
more rapidly, develop personalize therapies, and monitor
the efficiency of treatments. These approaches can be based
on several classes of molecules, including transcripts, me-
tabolites, lipids, and proteins. For example, next-generation
sequencing (NGS) (see Chapter 9) is currently used to di-
agnose infectious diseases (Yozwiak et al., 2012), subtype
tumors based on genetic mutations (Honeyman et al.,
2014), and characterize variants in the cystic fibrosis
transmembrane regulator (CFTR) gene in cystic fibrosis
screening (Baker et al., 2015). Small-molecule mass spec-
trometry (MS) has been used for well over a decade to
identify metabolic disorders in newborns (Bennett, 2014).
More recently, ovarian masses are being screened for
cancer risk using a multiprotein enzyme-linked immuno-
sorbent assay from proteins discovered using a proteomics
approach (Rein et al., 2011). Finally, a multiplex RNA
panel is currently used to assess the risk of prostate cancer
recurrence after prostatectomy (Den et al., 2015).

Clearly, various “eomics” approaches offer the medical
community powerful tools with which to improve human
health. Although assays based on small molecules, genes,
and transcripts are appropriate in many cases, there are
several key advantages to protein-based diagnostic tests.
Proteins can be described as the functional units of the cell;
as such, they can be used to provide both direct and dy-
namic indicators of disease state. The entire human prote-
ome encompasses a diverse and broad set of molecules; this
includes sequence variants, pro- and mature proteins, and a
plethora of PTMs (Anderson et al., 2004b). Protein
abundances differ according to organ, cell, and subcellular
location; they are affected differentially by a variety of
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conditions including circadian rhythms, age, health status,
and diet. Proteins have been analyzed in the context of
many human conditions and have even been isolated from
ancient biological material (Cappellini et al., 2011;
Lindgren et al., 2011). All told, proteins can be used to
determine mechanisms, elucidate pathways, and indicate
disease status. For the latter, several clinical assays exist
that are based on proteins; these include markers of
inflammation (C-reactive protein, CRP), cardiovascular risk
(brain natriuretic peptide, BNP), and prostate-specific an-
tigen (PSA).

With the potential of protein-based diagnostic assays
to improve physician care, proteomics-based discovery
projects have exploded in recent years. Global, discovery-
based proteomics studies can routinely identify several
thousand proteins in a single experiment while flagging
candidates that may be associated with disease (Nagaraj
et al., 2011; Beck et al., 2011). Despite efforts spent on
clinical proteomics discovery studies, a few novel protein
biomarkers have been translated into clinical assays
(Polanski and Anderson, 2006; Li and Chan, 2014).
Clearly, a divide exists among the discovery of biomarker
candidates, validation of candidates as bona fide markers,
and implementation of proteomics-based diagnostic tests
(Fig. 13.1). Interestingly, tests that have been developed
often rely on conventional single-plex assays; these have
been the reference standard for qualitative and quantita-
tive detection of proteins in the clinical laboratory for
over 50 years (Tighe et al., 2015). Nonetheless, there is
potential for MS-based methodologies not only to identify
biomarker candidates but also to be used for validation
and as clinical assays.

A typical clinical proteomics pipeline follows an MS-
based workflow that includes candidate discovery, vali-
dation in a larger cohort, and finally implementation as a
clinical assay. The specific MS platform can vary from
one phase to the next. Beginning with the discovery
phase, proteins from a small set of biological samples are
compared; the result is a panel of differentially expressed

peptides and proteins. Within these panels, which may
include several hundred candidates, it is common to
observe a high false discovery rate. This is primarily
because the small sample size is unable to account fully
for inter- and intraindividual sample variability (Frantzi
et al., 2014). After candidate identification, a quantitative
verification phase is employed to confirm biological
significance across a much larger sample population to
assess biomarker specificity (Cancer, 2009). This acts as
a critical “proof of association” among biomarker
detection, expression, and disease association. Moving
forward with the most promising candidates, the final
diagnostic platform must be developed and analytically
validated in accordance with generally accepted bio-
analytical validation guidelines as well as Food and Drug
Administration (FDA) guidelines (Services, 2015;
Convention, 2015). This workflow is described in more
detail subsequently.

13.3 STRATEGIES FOR MASS
SPECTROMETRYeBASED PROTEOMICS:
DISCOVERY AND VERIFICATION

13.3.1 Basic Workflow

Advances in instrumentation, computational abilities, and
software have enabled the identification of several thousand
proteins in a single discovery experiment; many of these
are within physiologically relevant detection limits (Beck
et al., 2011; Nagaraj et al., 2011; Percy et al., 2013). The
discovery-to-verification workflow (Fig. 13.2) entails three
major steps: sample preparation, including enzymatic
digestion; data acquisition using mass spectrometers; and
informatics, including protein identification, quantitation,
and statistical analysis. At the discovery stage, sample
sources can include biological fluids such as plasma, saliva,
bronchoalveolar lavage fluid, sputum, and proximal fluids;
tissues, cells lines, and animal models are also used at this
early phase (Wattiez and Falmagne, 2005; Magi et al.,

FIGURE 13.1 Three-stage
biomarker pipeline from candidate
identification to the development of a
clinical assay. Pipeline includes
biomarker candidate discovery,
biomarker candidate verification, and
finally the development of an
immunoassay-based diagnostic test.
ELISA, enzyme-linked immunosorbent
assay; LC/MS/MS, liquid chromatog-
raphy tandem mass spectrometry;
MRM-MS, multiple-reaction moni-
toringemass spectrometry.
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2006; Gray et al., 2008; Nicholas et al., 2006). After
candidate selection, empirically or literature-derived bio-
markers must be verified using a targeted, hypothesis-
driven, analytical workflow in a reference standard bio-
logical sample. The main verification technique currently
used is multiple-reaction monitoring (MRM)-MS coupled
with custom-synthesized, isotopically labeled internal
peptide standards. Using this approach, several dozen
protein candidates can be quantified in a single multiplex
method (Percy et al., 2012a). The most promising candidate
biomarkers then proceed to clinical qualification where the
final ligand bindingebased assay is developed and tested
against several thousand biological samples to ensure
diagnostic impact in a clinical setting.

13.3.2 Sample Preparation

Sample preparation protocols will vary depending on the
sample source and the goals of the study. One primary
challenge of proteomics-based research is the enormous

number of different proteins that are present within bio-
logical fluids. Human plasma, for example, contains thou-
sands of different proteins and spans a concentration range
across nine orders of magnitude (Anderson, 2005). Albu-
min and immunoglobulin G make up roughly 50% of the
total plasma protein content, and transferrin, fibrinogen,
haptoglobin, and alpha-1 antitrypsin another 25% (Putnam,
1975). As a consequence, most highly abundant proteins,
which may not be diagnostically relevant, can easily mask
the detection of less abundant proteins through ion sup-
pression during mass spectral analysis. To resolve this,
highly abundant protein depletion using immunoaffinity
columns is a standby technique for allowing the detection
of lower-abundant biomarkers (Patel et al., 2012; Hakimi
et al., 2014). Additional fractionation approaches, which
may be used independently or in tandem with other tech-
niques, exploit the physiochemical properties of the peptide
or protein target. The three predominant techniques are
molecular weight fractionation via sodium dodecyl
sulfateepolyacrylamide gel electrophoresis (SDS-PAGE)

FIGURE 13.2 Biomarker discovery and verification approaches. Candidate discovery is carried out using biological specimens that are fractionated,
enzymatically digested, and analyzed using untargeted, semiquantitative mass spectrometry to identify differentially expressed biomarker candidates.
Conversely, verification workflows monitor specific biomarker candidates using targeted, quantitative mass spectrometry in conjunction with isotopically
labeled internal standards. ELISA, enzyme-linked immunosorbent assay.
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(Hardt et al., 2005), ion exchange via strong cation ex-
change (SCX) (Peng et al., 2003; Chaerkady et al., 2008),
and pH fractionation with isoelectric focusing (IEF)
(Cargile et al., 2005; Seshi et al., 2011). After fractionation,
tryptic peptides are analyzed by one of three semi-
quantitative workflows: comparative gel-based quantita-
tion, label-based quantitation, or label-free quantitation, the
results of which will flag one or more differentially
expressed protein biomarkers.

13.3.3 Instrumentation

MS is the principal tool enabling all aspects of modern
proteomics-based analysis. After sample fractionation and
digestion, proteins are digested with a protease such as
trypsin. Mass spectrometers, as the name infers, measure
the mass of molecules. More specifically, an MS system
measures the mass-to-charge ratio (m/z) of a charged
molecule (Herbert and Johnstone, 2002; Glish and Vachet,
2003). In protein-based MS, this allows for the viability of
qualitative and quantitative measurements of charged pro-
teins or peptides (Domon and Aebersold, 2006). Protein
MS commonly comes in two varieties (Fig. 13.3), based
purely on the ionization source that generates charged
molecules: matrix-assisted laser desorption/ionization time-
of-flight MS (MALDI-TOF) or nanoflow-electrospray tan-
dem MS (nLC/MS/MS).

Using MALDI-TOF for peptide analysis, peptides
are immobilized onto a metal plate combined with a matrix
material consisting of a weak organic acid (e.g., a-cyano-4-
hydroxycinnamic acid, sinapinic acid, or 2,5-
dihydroxybenzoic acid). Ionization occurs when a
nitrogen laser at a wavelength of 337 nm is fired into the
dried peptideematrix sample. This causes a portion of the
sampleematrix to vaporize; the acidic matrix plume will
protonate the peptides in the sample (Hillenkamp et al.,
1986). Once ionized, positively charged peptides are uni-
formly accelerated in the TOF mass analyzer, where indi-
vidual ions travel at a rate in proportion to their individual
masses, with smaller masses traveling the fastest. The time
it takes the peptides to reach the detector is recorded and
mass spectrum is generated for the charged species (Lewis
et al., 2000).

Coupling the mass spectrometer mass analyzer via a
nanoflow-electrospray source is another popular technique.
Here, a liquid-based peptide mixture is fractionated online
and directly ionized from the liquid phase before MS
analysis. As with any chromatographic technique, nLC/
MS/MS uses a mobile phase as well as a stationary phase.
A peptide digest is dissolved in the mobile phase and is
then passed through a stationary phase. Every compound in
a mixture will have a higher or lower affinity for the mobile
and stationary phases, thus allowing complex mixtures to
be separated. Common for proteomics studies, nanoflow

chromatography is performed to maximize the detection
of low-abundant targets from small sample quantities.
This technique employs microdiameter columns
(0.075 mm versus �2.1 mm inner diameter) as well as low
flow rates (100 nL/min versus �400 mL/min) compared
with traditional “high-flow” analysis. Because a mass
spectrometer acts as a concentration-dependent analyzer,
low flow rates increase the analyte concentration enabling
much higher ionization efficiency, thus increasing the
detection limit of the analysis method (Fröhlich and
Arnold, 2009). After chromatographic separation, an elec-
trospray ionization source generates positively charge
peptides directly from the liquid effluent. In this process,
the acidic eluent (i.e., a mixture of water, acetonitrile, and
formic acid) from the nanoflow-electrospray is forced
through a fine capillary needle while being exposed to
superheated nitrogen drying gas and high voltage. Under
these conditions, positively charged microdroplets migrate
toward the MS inlet. Rapid drying of these charged
microdroplets combined with electrostatic fission leads to
protonated gas-phase molecules that enter the mass spec-
trometer (Kebarle and Verkerk, 2009). Once ionized, a
tandem mass spectrometer will elucidate intact peptide
masses (MS) and generate sequence-specific fragmentation
spectra (MS/MS). More specifically, in standard data-
dependent acquisition mode, the instrument generates a
survey scan of all eluting peptides (MS scan). Acquisition
software then selects specific precursor ions from the MS
scan and the instrument will filter for one specific charged
peptide. The selected precursor ion is then fragmented in
the collision cell and the product ions are further resolved
before detection (MS/MS). The precursor isolation, frag-
mentation, separation, and detection process produces the
MS/MS fragmentation spectra for each peptide, generating
amino acid sequence information.

In comparing these two approaches, using a MALDI-
TOF system, immobilized peptide sample and matrix are
ionized and analyzed to detect individual peptide masses.
Using nLC/MS/MS, peptides are first separated on a
nanocolumn and ionized using electrospray ionization;
their mass is detected and then a peptide is fragmented in a
mass analyzer, generating amino acid sequence informa-
tion. MALDI-TOF is generally considered a high-
throughput platform but it is limited to simple sample
types, whereas nLC/MS/MS is generally more sensitive and
amenable to the analysis of complex mixtures due to the
online chromatographic separation.

13.3.4 Quantitative Mass Spectrometry

Quantitative MS-based experiments can be performed us-
ing cells, tissue biopsies, or biological fluids. Quantitation
that relies on internal standards and results in a
concentration-based value (i.e., pg/mL) is termed “absolute
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quantitation.” Quantitative methods that compare the rela-
tive amount of protein present in one sample versus another
and result in a fold-change difference are termed “relative
quantitation.” Discovery-based workflows employ relative
quantitation; this can be further divided into labeling or
nonlabeling strategies. After discovery, biomarker valida-
tion is generally performed using absolute quantification on
a triple quadrupole mass spectrometer. Fig. 13.4 is a
graphical overview of each approach, which will be dis-
cussed independently.

13.3.4.1 Relative Quantitation Strategies for
Discovery

Gel Electrophoresis: Historically, proteome analysis was
performed using multidimensional gel electrophoresis to
identify differentially expressed protein “spots” before
identification by tandem MS. Using this approach,
intact proteins are resolved in sequence using IEF
followed by SDS-PAGE. Resolved proteins are stained
(e.g., Coomassie brilliant blue), analyzed for differential
expression among several samples, excised, and analyzed
by MS. Improvements to this traditional approach have
used multiple fluorescent dyes (cyanine dyes Cy2, Cy3, and
Cy5) to analyze multiple samples on a single gel. Called 2D
difference gel electrophoresis (2D-GE), up to three samples
are fluorescently labeled, mixed, and fractionated, and
distinct images for each sample are generated from a single
separation. Measuring the signal intensity for individual
protein spots can result in the identification of statistically
relevant, differentially expressed proteins between analyzed

samples (Van den Bergh and Arckens, 2004). This
approach is known to be more reliable because samples are
resolved on a single gel, which eliminates variability
inherent in 2D-GE studies. However, variability among
gels is still a problem that makes it difficult to distinguish
between actual protein variability versus gel-to-gel experi-
mental variation (Alban et al., 2003). In addition, there
limitations impede the accurate analysis of proteins with
very high or low pI values, proteins that are insoluble in
fractionation buffers, and large hydrophobic or small hy-
drophilic proteins (Liu et al., 2002; Schlautman et al.,
2008).

In addition to 2D-GE, multidimensional fractionation
by liquid chromatography offers another approach. Two
examples, both using 2D high-performance liquid chro-
matography (2D-HPLC), are the ProteoSep� system and
Multidimensional Protein Identification Technology
(mudPIT). Both have migrated from gel-based separations
to precise and reproducible HPLC-based separations.
Using the ProteoSep� system, proteins are separated via
inline chromatofocusing and reverse-phase chromatog-
raphy. During the reverse-phase runs, a 214-nm UV de-
tector monitors eluents as they are released from the
column, allowing quantitative measurements for individ-
ual proteins while storing samples in liquid phase for
rapid protein identification (Wang and Zhong, 2012).
mudPIT employs 2D liquid chromatography separation
technology based on SCX coupled with reverse-phase
chromatography. What makes this methodology unique
is that both reverse-phase and SCX resins are packaged
together in a single microcapillary column with a direct

FIGURE 13.3 Protein mass spec-
trometry (MS) platforms including
nanoflow-electrospray tandem MS
(nLC/MS/MS) (top) and matrix-
assisted laser desorption/ionization
time-of-flight (MALDI-TOF) MS
(bottom). Using nLC/MS/MS, pep-
tides are fractionated via inline
reverse-phase chromatography
before ionizing the liquid-phase
eluent. Once ionized, the instrument
will record intact (MS) peptide mass
in conjunction with a full-
fragmentation spectrum (MS/MS).
MALDI-TOF systems ionize immo-
bilized peptides suspended in a ma-
trix. Once ionized by a nitrogen laser,
charged peptides are analyzed by the
mass spectrometer to elucidate intact
peptide masses (MS). CC, collision
cell.
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FIGURE 13.4 Overview of quantitative proteomics approaches. Relative quantitation (Quant) for biomarker discovery is classically performed using
gel-based, metabolic, chemical, or label-free strategies. Absolute quantitation is achieved by integrating isotopically labeled internal standards with the
multiple-reaction monitoring (MRM) technique on a triple quadrupole mass spectrometer. MS, mass spectrometry; m/z, mass-to-charge ratio.
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interface to the mass spectrometer (Fournier et al., 2007;
Wolters et al., 2001). Although these approaches have
seen success, classical gel-based and offline/online frac-
tionation approaches have largely been replaced by gel-
free strategies.

Labeling Strategies: Two major quantitative strategies
entail either metabolic or chemical labeling; the former uses
stable isotopes whereas the latter generally uses isobaric
tags. Stable isotope labeling with amino acids in cell culture
(SILAC) is the predominant strategy used for metabolic
labeling (Percy et al., 2012a). This is accomplished by
growing cell lines in a medium containing heavy labeled
isotopes of a specific amino acid (e.g., 15N or 13C lysine
and arginine); the result is a set of peptides that, when
cleaved using trypsin, contain at least one heavy labeled
amino acid (Percy et al., 2012b). Labeled and nonlabeled
peptides act identically during digestion, HPLC, and mass
analysis; a measurable mass shift associated with their
unique isotopic makeup allows quantitation (Ong and
Mann, 2006). This is a popular approach but is limited to
cells that can be cultured in the SILAC media; this renders
many human and clinical samples (e.g., serum and tissues)
incompatible. In addition, the strategy allows for only three
different conditions: nonlabeled, labeled with 13C-lysine/
arginine, and labeled with 15N- and 13C-labeled lysine/
arginine.

Chemical labeling using amine-reactive mass tags is
the other predominant labeling methodology. Tandem
mass tags (TMTs) and isobaric tags for relative and ab-
solute quantitation (iTRAQ) both incorporate isobaric-
stable isotope tags via a reactive N-hydroxy succinimide
chemistry (Selevsek et al., 2015; Wu et al., 2016). Each
tag incorporates a reporter group, balance or normalizing
group, and reactive group that covalently bonds to tryptic
peptides. As the name states, each individual tag will have
the same mass whereas the individual reporter and bal-
ance group mass will vary. For example, a 4-plex assay
contains four isobaric tags with reporter masses of 113,
114, 115, and 115 Da and balancing groups with masses
of 32, 31, 30, and 29 Da. During mass spectral analysis,
tags are released during peptide fragmentation and their
relative abundance between samples is determined by
integrating the areas of each individual reporter tags.
Modern iTRAQ and TMT approaches have matured such
that up to 10 samples can be quantified using the TMT
approach, and up to 8 with iTRAQ (Schoenherr et al.,
2015; Kuhn and Carr, 2016).

Label-Free Quantification: Label freeebased quanti-
tation has become a prevalent alternative to labeling stra-
tegies, with several advantages and some disadvantages.
There are two fundamental approaches to label-free meth-
odologies: quantification by signal intensity or spectral
counting (Zhu et al., 2010). Using peptide signal intensity,
extracted ion chromatograms (EICs) are generated for each

distinct m/z ratio across the chromatographic separation.
Each EIC is integrated and each peak area can be used for
quantitative comparisons between disease and control
samples. In contrast, spectral counting relies on fragmen-
tation and database matching for quantitative comparisons.
Put simply, the more abundant a protein is in the sample,
the more fragmentation spectra will be generated, enabling
relative quantification between samples. In the latter case,
an accurate mass and retention time (AMRT) library is
developed using MS/MS data. Samples are analyzed in
MS-only mode and the peak area is compared across
samples. Using differential analysis software, peaks that are
shown to be statistically different are identified using the
AMRT library. In general, nonlabeling strategies employ
simple fractionation and sample preparation steps and also
allow for the analysis of much larger sample sizes, as
opposed to other approaches. Conversely, reliable quanti-
tative measurements rely heavily on biological and sample
replicates coupled with reproducible mass spectral analysis
(Bantscheff et al., 2007).

13.3.4.2 Absolute Quantitation Strategies for
Verification

After biomarker discovery, targeted approaches are
employed to quantify specific biomarker candidates rapidly
and reliably using a large cohort of clinical samples. This
workflow universally employs a triple quadrupole (QQQ)
mass spectrometer operating in MRM mode (Domon and
Aebersold, 2010). These systems have been described
unanimously as the reference standard of modern quanti-
tative analysis for targeted small-molecule quantitation
(Boyd et al., 2011); they are still being tested for their
utility in quantitative proteomics. Using a QQQ system,
quadrupole mass analyzers operate in tandem to isolate,
fragment, and resolve specific peptide fragments. In MRM
mode, two separate selection steps are performed. First,
quadrupole 1 (Q1) isolates a select peptide (precursor ion),
precursor ions are fragmented in collision cell q2, and then
specific peptide fragment (product ions) are further isolated
in quadrupole 3 (Q3). Thus, protein measurements are
obtained by acquiring data on a highly specific peptide
fragment. This twofold ion filtration approach greatly re-
duces background noise, resulting in the most selective and
sensitive acquisition mode currently employed by protein
scientists (Elschenbroich and Kislinger, 2011). Quantitation
is achieved by incorporating custom-synthesized internal
standards in conjunction with external calibration curves.
Running in MRM mode, internal standards and the native
digested peptide are monitored simultaneously in the
instrument. Calculating the ratio between standard and
native peptide allows for the absolute quantitation (con-
centration determination) of the peptide targets in the
sample (Yocum and Chinnaiyan, 2009).
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13.4 BIOINFORMATICS

The quantitative strategies and MS platforms described thus
far are agnostic to the nature of the sample type or treatment
group; methods for data generation are rapidly becoming
standardized. Therefore, one major challenge lies in
meaningful analysis and interpretation of data. Many vari-
ations can exist but a typical proteomics informatics pipe-
line includes identification, quantification, significance
testing, and biological interpretation (Fig. 13.5). Identifi-
cation of peptides and proteins by MS are often performed
using the Trans-Proteomics Pipeline (TPP) (Kenar et al.,
2014), a highly developed suite of tools. Within the pipe-
line are tools for peptide and protein identification (X!
Tandem, Comet-MS, Mascot, Protein Prophet, and Protein
Prophet), MS1 quantification (MSInspect), and functions
for gene ontology analysis (Eng et al., 2013; Bellew et al.,
2006; Keller et al., 2002; Nesvizhskii et al., 2003; Craig
and Beavis, 2004).

Outside the TPP, a complement of tools is available that
can be integrated with TPP results. These include tools for
MS/MS quantitation by spectral counting (Abacus and
Scaffold) (Searle, 2010; Fermin et al., 2011), significance
analysis of MS1 or MS2 data (QProt) (Choi et al., 2015),
pathways analysis (Cytoscape, Ingenuity) (Shannon et al.,
2003), and a rich statistical environment (R, www.CRAN.
org) for customized analysis and presentation of results.

Regardless of the pipeline tools used, proteomics
workflows commonly adopt three strategies: (1) non-
targeted methods to identify and semiquantify, (2) differ-
ential analysis by MS1 quantitation followed by targeted
MS2 identification, and (3) a hybrid AMRT-based
approach. The study of PTMs is extremely important in
many studies; the TPP MS2 search engines support custom
modification analysis for PTMs and also chemical modifi-
cations (e.g., biotinylated). The accuracy of these assigned
PTMs can be measured (LuXor/LuciPhor) (Fermin et al.,
2013) and can improve the confidence and improve quan-
titative accuracy when profiling peptides with PTMs.

As mentioned, biological interpretation is by far the
most customized analysis requiring the most flexibility and

collaboration. As first steps, ontologies analysis
[e.g., DAVID (Huang Da et al., 2009) and/or Panther (Mi
et al., 2016)], protein set enrichment [e.g., PSEA-Quant
(Lavallee-Adam et al., 2014)], proteineprotein interaction
[BioGrid (Oughtred et al., 2016)], and pathways [Cyto-
scape, Ingenuity (Shannon et al., 2003)] analysis can be
performed.

Validation of all peptide and protein quantitation can be
performed by extracting ion chromatograms and perform-
ing t tests. Absolute quantitation methods using MRM are
developed using empirical data and a Skyline workflow,
with or without internal standards. Validation can also be
performed using antibodies, when available.

13.5 EXAMPLES OF DISCOVERY AND
VERIFICATION PROTEOMICS

To date, most proteomics-based studies have focused on
the discovery of disease-specific protein biomarkers. These
accomplishments have employed a variety of quantitative
approaches from nearly all clinically relevant biological
specimens. In addition, verification workflows have begun
to identify a number of protein biomarkers successfully
with clinical applicability. A small cohort of examples from
both of these approaches can be found in Table 13.1.

13.6 EXAMPLES OF PROTEIN-BASED
DIAGNOSTICS ASSAYS

The identification of protein biomarkers serves two critical
roles in clinical medicine; they can be used to provide
insight into the pathophysiology of disease and to guide
clinical treatment options. While not necessarily using a
proteomics-based approach, there are a multitude of ex-
amples of proteins being employed for medical diagnostics.

One such example is CRP, a plasma protein produced
by the liver and indicative of an inflammatory process
(Black et al., 2004). High levels of CRP (above 2 mg/L) in
the blood have been correlated with an increased chance of
a heart attack or stroke but can also indicate a bone

FIGURE 13.5 Proteomics informatics pipeline including tools for protein and peptide identification and validation, relative or absolute quantitation,
statistical analysis, and biological and/or pathway interpretation. MS/MS, tandem mass spectrometry.
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TABLE 13.1 Examples of Discovery and Verification Studies Including Disease Types, Sample Sources, and Analytical Approach

Approach Disease Study Sample Type

Sample

Preparation Quantitation References

Biomarker
discovery

Alzheimer Disease progression makers of Alzheimers disease Cerebrospinal
Fluid

Immunodepletion Label-free Hendrickson
et al. (2015)

Alzheimer Identification of proteins that are differentially expressed in
brains with Alzheimer’s disease

Brain tissue Isoelectric
focusing þ RP

iTRAQ Minjarez et al.
(2016)

Ovarian
cancer

Analysis of ovarian cancer tissue to identify biomarkers of
responders and nonresponses

Human ovary
tissue

e 2D-DIGE Sehrawat et al.
(2016)

Lung
cancer

Targets of oncogenic ECF receptor signaling in lung cancer Cancer cells SCX þ RP; tita-
nium dioxide

SILAC Zhang et al.
(2015)

Breast
cancer

Label-free LC-MS Analysis of HER2þ breast cancer cell line Cancer cells e Label-free Di Luca et al.
(2015)

Breast
cancer

Biomarker discovery of laser capture microdissected breast
cancer tissue

Tumor tissue Laser
microdissection

Label-free Liu et al. (2012)

Bladder
cancer

Discovery of novel bladder cancer biomarkers in urine Urine SCX þ RP iTRAQ Chen et al.
(2010)

Crohn
disease

Serum protein profiling of adults and children with Crohn
disease

Serum e 2D-DIGE Vaiopoulou et al.
(2015)

COPD Proteomic analysis in lung tissue of smokers and COPD
patients

Lung tissue e 2D-DIGE Lee et al. (2009)

COPD Sputum proteomics identifies elevated levels in smokers
and COPD

Sputum and
plasma

e 2D-DIGE Ohlmeier et al.
(2012)

Biomarker
verification

Lung
cancer

Verification of the biomarker candidates for nonesmall-cell
lung cancer

Plasma Immunodepletion Absolute Kim et al. (2015)

Lung
cancer

Verification of serological biomarker candidates for lung
adenocarcinoma

Whole blood Immunodepletion Absolute Wu et al. (2015)

Breast
cancer

Validation of a novel plasma protein signature for breast
cancer diagnosis

Plasma e Absolute Lee et al. (2015)

Breast
cancer

Proteomic analyses of decorin and endoplasmin (HSP90B1)
are associated with breast cancer metastasis

Cancer tissue e iTRAQ and
absolute

Cawthorn et al.
(2012)

Pancreatic
cancer

Novel protein markers of pancreatic cancer using formalin-
fixed paraffin-embedded tissues

Pancreatic
tissue

e Absolute and
IHC

Takadate et al.
(2013)

Pancreatic
cancer

Targeted proteomic assay for pancreatic cancer biomarkers Plasma Immunodepletion Absolute Pan et al. (2012)

Alzheimer MS and flow sorting analysis to detect the decreased serum
apolipoprotein

Serum Cell sorting Absolute Han et al. (2014)

2D-DIGE, two-dimensional difference gel electrophoresis; COPD, chronic obstructive pulmonary disease; IHC, Immunohistochemistry; iTRAQ, isobaric tag for relative and absolute quantitation; RP,
reversed-phase; SCX, strong cation exchange; SILAC, stable isotope labeling with amino acids in cell culture.
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infection, arthritic flare-up, inflammatory bowel disease,
tuberculosis, autoimmune disease, cancer, or pneumonia
(Danesh et al., 2004). Higher CRP levels have also been
detected in women during the second half of pregnancy and
in women receiving hormonal contraceptives (Shetlar et al.,
1955). Therefore, this test is most useful when it is used in
conjunction with further diagnostic testing.

A more specific test for the diagnostic workup and
management of acute coronary syndromes (ACS) is the
measurement of cardiac troponin (cTn) levels. Troponins
include three proteins (troponins C, I, and T) that regulate
actin and myosin during muscle contractions. The latter
two, cardiac troponin I (cTnI) and cardiac troponin T
(cTnT), have distinct isoforms that are unique to cardiac
muscle and are released into the bloodstream during car-
diomyocyte necrosis (Mahajan and Jarolim, 2011; Wang,
2007). These protein isoforms serve as the preferred diag-
nostic test for ACS because of their tissue-specific
expression. Advances in immunoassay technologies have
allowed for increased sensitivity for cTn, lowering the
potential for a missed diagnosis of ACS (Saenger et al.,
2011). However, this comes at the cost of specificity,
allowing for the detection of low levels of cTn even in
samples collected from healthy subjects. This enhancement
in sensitivity has made it critical to define a concentration
limit at which cTn concentrations will be reported as pos-
itive and indicative of myocardial necrosis suggestive of
ACS.

B-type natriuretic peptide (BNP) and N-terminal-pro-
BNP (NT-pro-BNP) are polypeptides secreted by the car-
diac ventricles in response to ventricular wall tension as a
result of volume expansion (Maisel et al., 2002). The harder
the heart has to work, such as during heart failure, the more
BNP is released (McCullough et al., 2002). Blood BNP
levels can therefore be used to detect and diagnose heart
failure as well as to demonstrate the patient’s response to
heart failure treatment (Dao et al., 2001; Davis et al., 1994).
BNP and NT-pro-BNP levels may also be used to evaluate
a patient’s risk for future cardiac events, because increased
levels in individuals with ACS have been shown to corre-
late with an increased risk of recurrent events. As with cTn
testing, a cutoff value must be established to predict
congestive heart failure accurately (Maisel et al., 2002).

Another example of protein detection used for clinical
diagnostics is the detection of PSA for the screening,
assessment of treatment, and diagnosis of prostate cancer
(Stamey et al., 1987). Before PSA testing, there had to be a
palpable abnormality of the prostate before a biopsy would
be performed, at which point most patients had metastatic
disease. Since PSA evaluation, the chances of metastases at
the time of diagnosis have significantly decreased. How-
ever, PSA levels may also rise in men with benign prostatic
hyperplasia. Therefore, studies are under way to determine
definitively whether PSA screening makes a significant

difference in the detection of prostate cancer, and its sub-
sequent survival rate.

The lack of specificity of these tests makes them good
screening tools when they are used in conjunction with
other diagnostic measures. The added sensitivity of testing
techniques has only worked to decrease the specificity of
these assays. However, when a panel of biomarkers can be
assessed instead of a single protein, the specificity of the
assay may be increased. Such is the case with OVA1
testing by Vermillion, Inc., which uses five biomarkers to
diagnose ovarian cancer. Historically, the serum biomarker
cancer antigen 125 (CA125) was used as a diagnostic tool
for malignancy in women with pelvic masses (Visintin
et al., 2008). Elevated CA125 levels could be detected in
women with metastatic epithelial ovarian cancer; however,
a number of benign conditions could also result in elevated
levels (Bast et al., 1997). A proteomics biomarker discov-
ery approach led to the assessment of additional markers:
transthyretin, apolipoprotein, A-1, 2-microglobulin, and
transferrin, in the prediction of ovarian cancer. These bio-
markers, together with CA125, have been incorporated into
the multivariate immunoassay known as OVA1, the use of
which has been approved by the US FDA in women with
pelvic masses (FDA, 2009). This is the only currently
FDA-approved diagnostic test based on proteomics
biomarker discovery. According to studies, OVA1 is more
sensitive in detecting ovarian cancers than either clinician
assessment or CA125 alone. Compared with clinician
assessment, the use of OVA1 in a diagnostic workup was
able to identify 70% of cancers correctly that had been
missed by gynecologists and 95% of cancers that had been
missed by gynecologic oncologists. Compared with the use
of CA125 alone in diagnosing stage I disease, the sensi-
tivity for OVA1 was 90% whereas that of CA125 was 61%
(Ueland et al., 2011).

Another proteomics panel used as a blood or serum-
based diagnostic tool for patients with nonesmall cell
lung cancer (NSCLC) is VeriStrat. This is a commercially
available test based on MALDI-MS analysis. This assay
was developed after testing serum samples from patients
with a diagnosis of NSCLC who experienced long-term
stable disease or early progression with gefitinib therapy
(Frasci et al., 2000). Eight mass-spectral features were
identified as differentiating between these groups when
measuring for several acute-phase reactant proteins in the
blood. An algorithm was created to assign each spectrum a
binary classification of good or poor correlating with more
or less favorable prognosis (Stinchcombe et al., 2013).

Through shotgun proteomics, thousands of proteins in
complex samples can be assessed for use in proteomics-
based diagnostic testing. Such an approach was used by
the Mayo Clinic, which developed a diagnostic tool that
can subtype amyloidosis proteins, a disease characterized
by abnormal deposits of cellular proteins in extracellular
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sites resulting in organ damage. Shotgun proteomics was
used to identify amyloid proteins from microdissected bi-
opsy tissue, allowing for the characterization of more than
20 subtypes of amyloidosis. The underlying cause and
treatment of each subtype of amyloidosis can be radically
different, requiring accurate subtype identification. This
diagnostic method combines proteomics MS analysis with
laser microdissection after cell staining to identify amyloid
type with 100% sensitivity and 40e80% specificity (Theis
et al., 2013).

Microbiologic diagnostics aims to identify the causative
agents of infectious disease such as bacteria, fungi, and
parasites. Historically, diagnosis relied on microscopic
techniques of cultured specimens; however, rapid advances
in the species identification of microorganisms through the
use of MALDI-TOF MS reduced the time and cost of
diagnosis with demonstrated reliability and accuracy.
Organic solvents are used to extract proteins from cultured
microorganisms. These proteins, mainly ribosomal proteins
present in high concentrations, are then analyzed using
MALDI-TOF MS. Pathogen identification is based on the
analysis of ribosomal protein sequences, allowing for spe-
cies identification from a colony and communication with
the responsible physician within a few minutes (Wieser
et al., 2012). Launched in 2006, BioMérieux’s Vitek MS
clinical microbiology MS system was the first platform of
its kind cleared for clinical use in the United States by the
US FDA; the Vitek MS platform was cleared in 2011. Both
MALDI-TOF MS-based platforms identify microorganisms
by matching ribosomal protein profiles of samples with
those contained in a proprietary database (Jarman et al.,
2000). Consequently, species that do not contain sufficient
differences in their ribosomal protein sequence cannot be
distinguished with this technique. Current research aims to
detect bacterial resistance mechanisms using MALDI-TOF
MS (Wieser et al., 2012).

13.7 CHALLENGES IN CLINICAL
PROTEOMICS

Although it is clearly essential and important for the
advancement of clinical biomarkers, the field of clinical
proteomics is faced with challenges. As mentioned, this
includes highly abundant plasma proteins, limits in the
sample numbers that can be labeled, and technical repro-
ducibility across large batches. Additional challenges
include sample availability, sample collection and handling,
sample numbers, and cost. For example, although formalin-
fixed and paraffin-embedded tissue is widely available, is-
sues with extraction and depth of coverage make it a poor
choice for most discovery approaches. Because of the high
variability in human samples, a very large sample size is
usually required to provide statistical power; however, with

sample preparation, data acquisition, and analysis requiring
upward of 20 h and thousands of dollars per sample,
sample size is almost always limited. Specific to quantita-
tive proteomics, reproducibility and sensitivity are addi-
tional issues. Finally, sample and analysis throughput and
data interpretation are also challenges. Despite the avail-
ability of sophisticated pathway analysis programs, a
thorough interpretation has often been beyond the scope of
many research programs.

13.8 FUTURE ADVANCES AND
CONCLUDING REMARKS

Clearly, there is immense potential for generating protein
biomarkers using clinical proteomics studies. Quantitative
proteomics techniques have matured but many challenges
remain. A multitude of advances are being implemented to
increase sample throughput, decrease per-sample cost, and
accelerate method development timelines, while increasing
assay sensitivity to detect even the lowest abundant
biomarker targets.

Arguably, a principal concern with transitioning
biomarker candidates is laborious sample-handling
requirements and lengthy time requirements on the
MS platforms. To expedite sample handling, several
automation solutions have been designed to batch
process multiple microwell plates in parallel (Selevsek
et al., 2015; Wu et al., 2016). In conjunction with sample
preparation, migration toward high-flow separation
systems, or ultraperformance liquid chromatography
(UPLC) has also seen success. Using a UPLC, run times
can be reduced to less than 10 min/sample as opposed to
more than 60 min/sample with conventional nanoflow
systems, which is critical for the throughput demands in
biomarker verification studies.

Advances in instrumentation, acquisition methods, and
software workflow also show promise in generating or
monitoring specific protein targets. One novel acquisition
approach using a quadrupole TOF-MS is sequential win-
dow acquisition of all theoretical fragment ion spectra
(SWATH). This acquisition approach combines high-
resolution MS with pseudo-MRM quantitation. Using
SWATH, precursor ion windows (e.g., 400e425 m/z) are
isolated in a quadrupole mass filter and fragmented, and a
high-resolution spectrum is generated for all peptides
within the mass isolation window. Quantitation is achieved
by integrating fragment ion abundances. This unique
acquisition method has the unique advantage of providing
near-global coverage of all peptides in a sample versus
highly specific MRM workflow (Liu et al., 2013). Another
approach, parallel reaction monitoring, employs an upfront
quadrupole mass filter combined with a high-resolution
orbitrap mass analyzer, enabling accurate, high-resolution,
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and interference-free product ion measurements (Majovsky
et al., 2014). In conjunction with novel hardware, a
multitude of tools continue to coevolve to handle data from
novel acquisition methods while providing new tools for
traditional discovery and validation workflow (Röst et al.,
2014). For example, it is now reasonably straightforward to
develop an entire targeted assay in silico using online li-
braries and databases such as the SRMAtlas/PeptideAtlas
(Kusebauch et al., 2014).

In terms of assay sensitivity, removal of highly abun-
dant plasma proteins via immunoaffinity chromatography is
a routine technique for detecting and quantifying low-
abundant protein biomarkers. This approach is a routine
technique during both biomarker discovery and verifica-
tion. More recently, postdigestion antipeptide immu-
noenrichment workflows have become increasingly
prevalent. The workflow, originally is called stable isotope
standard capture with antipeptide antibodies (SISCAPA),
has also been named immunoemultiple reaction moni-
toring (iMRM) (Anderson et al., 2004a; De Marchi et al.,
2015). In these approaches, synthetic peptides are conju-
gated to a carrier protein and used to generate peptide-
specific antibodies from a host animal, which in turn is
used to purify selected peptides from a proteolytic back-
ground (Wu et al., 2016). These approaches have been
highly successful in increasing detection limits by more
than an order of magnitude. The iMRM/SISCAPA work-
flow is also amenable to automation and ultrafast analysis;
one study required only 8 seconds per sample on an Agilent
RapidFire system (Razavi et al., 2012).

In addition, by further integrating protein liquid chro-
matography/MS/MS discovery and verification workflows
in the clinical space, there is the potential to develop pep-
tide and protein-based clinical assays as opposed to tradi-
tional antibody-based approaches. Although unlikely to
supplant traditional ligand-binding techniques, MS-based
approaches offer several advantages over traditional
antibody-based assays. Advantages include greater speci-
ficity as MS-based approaches are not subject to antibody
cross-reactivity, improvements in cost- and time- of method
development, the ability to monitor protein isoforms or
PTMs reliably, and finally the ability to multiplex multiple
peptide targets into a single assay.

This chapter has described the state of the art of current
proteomics-based approaches to clinical medicine. This
includes biomarker discovery and validation, several ex-
amples of applied proteomics, and finally, several next-
generation technologies that it is hoped will accelerate
clinical implementation. Although the road from discovery
to clinical application has been slow, there have been
tremendous efforts made in past few decades in translating
protein biomarkers from candidate to bona fide disease
indicators. There is clearly reason to be optimistic with
several assays already online and groundwork laid for FDA

approval of additional tests. These continued efforts will
clearly be beneficial for both clinicians and patients in the
near future.
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Chapter 14

Molecular Cytogenetics in Molecular
Diagnostics

H. Tönnies
Robert Koch-Institute, Berlin, Germany

14.1 INTRODUCTION

The fundamental cellular processes of DNA replication,
DNA repair, mitosis, and meiosis ensure the high integrity
of the human genome. However, mutations can occur in
germline and somatic cells either induced or spontaneously.
Depending on their physical size, these mutations manifest
as altered sequences on the DNA level (e.g., gene variants)
or gross alterations as numerical and structural chromo-
some aberrations. Chromosomal aberrations are the major
cause of congenital anomalies, mental retardation, and
infertility in humans. Furthermore, they account for
approximately half of all early spontaneous pregnancy
losses (Warburton, 2000). Overall, 1 in 120 live-born
children is a carrier of a chromosomal abnormality. Half
of these children are phenotypically conspicuous as a result
of a chromosomal imbalance (Gardner et al., 2011). Four
out of 1000 newborns are carriers of an unbalanced chro-
mosome abnormality whereas 4.3 out of 1000 newborns
show balanced chromosomal rearrangements without a
phenotype. Partial losses (monosomy) or gains (trisomy) of
euchromatic chromosomal material resulting in different
clinical phenotypes have been described for all human
chromosomes (Schinzel, 2001; http://www.ecaruca.net;
https://decipher.sanger.ac.uk). In genetic prenatal, post-
natal, and routine tumor genetic diagnostics, to date, con-
ventional cytogenetics using classical karyotyping of
chromosomes is the most widely used technique to char-
acterize numerical and structural intrachromosomal and
interchromosomal aberrations (Fig. 14.1).

Inmost countries, chromosome analysis is still the reference
standard for the diagnosis and prognosis of congenital (inborn)
and acquired (e.g., neoplasia) disorders. The precise charac-
terization of aberrant cytogenetic findings is imperative for

syndromologic assignment, phenotypeekaryotype correla-
tions, and genetic counseling in prenatal and postnatal di-
agnostics. In tumor genetics, conventional single-cell and
metaphase cytogenetics is essential for disease monitoring, tu-
mor staging, and research purposes to identify chromosomal
regions harboring putative tumor suppressor and proto-
oncogenes. However, limited chromosome-specific resolution
obtained by conventional chromosome banding techniques
makes the recognition and interpretation of masked or cryptic
chromosome aberrations difficult if not impossible to ascertain.

Over the past 3 decades, molecular cytogenetic tech-
niques based on fluorescence in situ hybridization (FISH)
applications locating specific fluorescence-labeled nucleic
acid sequences in interphase cells or metaphase chromo-
somes have become fast, sensitive, and important comple-
mentary tools in genetic diagnostics (Tönnies, 2002;
Stumm and Tönnies, 2008). The use of diverse, locus-
specific FISH probes and multicolor assays enhances the
thorough characterization of numerical and complex chro-
mosome aberrations regardless of their complexity, filling
in parts of the gap between conventional chromosome
banding analysis and molecular genetic studies on the DNA
level. Until today, and even though next-generation high-
throughput sequencing is becoming increasingly routine
in diagnostic laboratories, multiple different molecular cy-
togenetic strategies and applications are used to generate
routine diagnostic tests.

Numerous additional experimental-based techniques are
used for comparative genomics and other fundamental
research questions. This chapter focuses on diagnostic ap-
proaches used in routine laboratories to detect and char-
acterize genetic changes beyond the base pair (bp)level.
Compared with the first 2 decades of molecular cytoge-
netics, the development of new FISH-based approaches for
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routine diagnostics has decreased because of the develop-
ment of new high-resolution microarray-based approaches
and high-throughput polymerase chain reaction (PCR)- or
sequencing-based techniques, which have the potential to
be automated. In addition they are fast and cheap, and are
efficient compared with cell cultureedependent assays (for
more details, see Chapters 8e10 and 20).

To understand array-based techniques and make pro-
fessional decisions in a diagnostic context, it is essential to
comprehend the development from conventional single-
cell chromosome analysis to FISH-based approaches in
the early 1980s and to modern array-based techniques.
Furthermore, owing to the first array-based studies of the
human genome, it became clear that single cellebased
approaches such as interphase FISH (I-FISH) and kar-
yotyping, together with quantitative PCRebased ap-
proaches, are essential for the validation and verification
of whole-genome screening results to differentiate be-
tween pathogenic and benign copy number variations in
the human genome. In the routine diagnostic setting,
“indirect” genome-wide array methods and whole-exome/
genome sequencing paved the way to investigate the
exome/whole genome at high resolution. By contrast,
focused, mainly single-cell (“direct”) methods are cost-
effective and indispensable for detecting specific submi-
croscopic alterations commonly found in clinically delin-
eated syndromes (e.g., microdeletion syndromes) and
neoplasias.

14.2 FROM CONVENTIONAL TO
MOLECULAR CYTOGENETICS

The first drawings of human chromosomes were published
more than 130 years ago (Arnold, 1879; Flemming, 1881;
Hansemann, 1890; Cremer, 1985). It took several decades
to develop stable protocols to prepare human chromosomes
and establish the correct number of them. For clinical cy-
togeneticists, the 1960s were an exciting era. With the
establishment of hypotonic treatment resulting in successful
metaphase chromosome spreading (Hsu and Pomerat,
1953), Tijo and Levan (1956) managed to determine that
the correct number of chromosomes in human diploid cells
is 46. Three years later, Lejeune et al. (1959) published
their observation that full trisomy 21 resulting in 47 chro-
mosomes is the main cause of Down syndrome. The next
technical improvement in cytology was the addition of
colchicine to in vitro cultures for the accumulation of
dividing cells before fixation (Moorhead et al., 1960).

In tumor genetics, the first finding of a chromosomal
abnormality was the identification of a minute chromosome,
named by its location of discovery, “Philadelphia chromo-
some,”whichwas regularly found in peripheral blood cells of
patients with chronic myeloid leukemia (Novell and Hun-
gerford, 1960). In the late 1960s, with the development and
adoption of new conventional cytogenetic banding tech-
niques (Casperson et al., 1970) to detect numerical and
structural chromosome abnormalities in humans, the era of

FIGURE 14.1 Schematic illustration of common numerical and structural intrachromosomal and interchromosomal aberrations in humans.
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clinical cytogenetics began. In subsequent decades multiple
additional conventional banding techniques were introduced
for routine use (Verma and Babu, 1989; Barch et al., 1997) to
detect chromosomal aberrations.

Today, the identification and characterization of nu-
merical and structural chromosomal aberrations by kar-
yotyping banded chromosomes are performed routinely in
prenatal, postnatal, and tumor cytogenetic diagnostics as
well as in basic genomic research.

Detectable chromosomal aberrations can be divided into
numerical and structural aberrations (Fig. 14.1). In humans,
numerical chromosome aberrations as aneusomies of whole
chromosomes (e.g., trisomy 21, trisomy 18, or the chro-
mosome constitution 45,X) are frequent, well-characterized
chromosome abnormalities easily detectable by morpho-
logic and numerical chromosome examination. Structural
chromosomal abnormalities can be subgrouped into intra-
chromosomal (deletions, duplications, or inversions) and
interchromosomal (balanced and unbalanced translocations
or insertions) aberrations affecting more than one chro-
mosome (Fig. 14.1; ISCN, 2013).

More laborious to identify by conventional cytogenetics
alone are the so-called marker chromosomes. Marker chro-
mosomes are structurally abnormal chromosomes, the origin
of the euchromatic content of which cannot be determined by
conventional cytogenetic analysis alone. Often supernu-
merary, their incidence varies from 0.3 to 3.7/1000 in new-
borns and patients with mental or developmental delay
(Buckton et al., 1985; http://ssmc-tl.com/sSMC.html). Ring
chromosomes, some also supernumerary (numerical aber-
ration; e.g., owing to mitotic malsegregation), mainly origi-
nate from rearranged normal chromosomes as a result of
deletions of the telomeric ends of the chromosome followed
by ring formation (intrachromosomal aberration) (Tönnies
et al., 2003a). However, the effectiveness of conventional
cytogenetics directly depends on the size of chromosome
aberrations appearing in human cells. The limited
chromosome-specific banding resolution and assignment
obtained by conventional chromosome banding makes the
characterization and correct interpretation of complex and
subtle chromosome aberrations difficult to ascertain and by
nature is therefore often imprecise.

Furthermore, some chromosomal aberrations detected in
an affected child are de novo, defined by a normal constitu-
tional karyotype of the parents. Therefore, precise identifi-
cation of the lost or duplicated chromosomal material is
indispensable for any exact genotypeephenotype correlation
aswell as for diagnostic and possibly prognostic information.
By conventional cytogenetic methods, rearrangements in the
size of 5e10 megabases (Mb) affecting single chromosomes
are detectable if high-resolution banding is achieved
(approximately 500 bands/haploid genome). However, ab-
errations smaller than 5 Mb (e.g., microdeletion syndromes)
(Table 14.1), complex chromosome aberrations involving
three or more chromosomes, and marker chromosomes
composed of unknown chromatic material often give

unsatisfactory results using conventional cytogenetic tech-
niques only. The dependence on dividing cells to prepare
metaphase spreads, which is time-consuming, and the
occurrence of chromosome aberrations not to be character-
ized exactly using classical banding techniques have been
motives behind the development of alternative, more sensi-
tive approaches based on the hybridization of DNAprobes to
patient DNA targets (e.g., metaphase chromosomes or
interphase nuclei) to overcome the conventional resolution
limitations inherent in classical cytogenetics.

14.3 FLUORESCENCE IN SITU
HYBRIDIZATION

By in situ hybridization on metaphase spreads or interphase
nuclei (e.g., nondividing cell populations), genetic changes
can be analyzed at the single-cell level, allowing the
simultaneous assessment of different chromosomes or
chromosome regions and the determination of clonal vari-
ability or mosaicism (Fig. 14.2). It is a rapid, sensitive test
for the detection of cryptic or subtle chromosomal changes
allowing the identification of chromosomal alterations that
are unresolved by conventional karyotyping. Classical
in situ hybridization is based on the binding (hybridization
or annealing) of complementary, single-strandedelabeled
nucleic acids to the fixed and denatured target DNA of
metaphase chromosomes, whole interphase nuclei, or DNA
fibers. During hybridization, the probe penetrates to the
target nucleic acid sequence and anneals to the comple-
mentary partner, resulting in DNA duplexes of the bound
probe and the former single-stranded target. After removing
unbound probe material by stringent washing, results can
be inspected by microscopy.

First described by Pardue and Gall (1969) using radi-
olabeled, repetitive DNA probes hybridizing to mice cell
preparations, the detection has been carried out by autora-
diography enabling the morphologic (in situ) visualization
of the presence of complementary nucleic acid sequences in
the target material (John et al., 1969). Hybridization and
detection of the first single-copy DNA sequences by
autoradiography were described by Harper and Saunders
(1981).

Molecular cytogenetics is based on FISH. Using non-
radioactively labeled probes, Pinkel et al. (1986) introduced
the basic protocol for FISH, improving the spatial resolu-
tion compared with radiolabeled probes. FISH is a sensitive
and specific method that provides precise information about
the physical location of a DNA sequence of interest in cell
nuclei or chromosomes.

14.4 BASIC TECHNICAL ELEMENTS AND
MATERIALS

FISH is a technique for the high-resolution visualization of
labeled nucleic acid probes on target material (Fig. 14.2). It
is a stepwise process beginning with the selection and
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pretreatment of the target material, followed by the pro-
duction and labeling of the appropriate probe to be hy-
bridized, the hybridization process itself, and the detection,
inspection, and documentation of the results. For the user,
a huge number of variable targets, probes, and labeling
procedures are available. The resolution of FISH analyses
directly depends on two crucial elements: the target and
the probe.

14.4.1 Targets for Fluorescence In Situ
Hybridization

A wide variety of cellular materials can be used as targets
for investigation by FISH. In routine diagnostics, in
particular interphase nuclei and metaphase chromosomes of
peripheral blood (routinely T-lymphocytes), primary fi-
broblasts, bone marrow cells, or, in prenatal diagnostics,
amniocytes and chorionic villi cells are used after tissue
cultivation (Fig. 14.2; Wegner, 1999). In leukemic speci-
mens, in which the number of viable dividing cells is
sometimes low, so-called hypermetaphase spreads obtained
by long-term exposure of cells to colcemide can be pro-
duced (Seong et al., 1995). The yield of metaphase spread-
like targets is higher compared with normal chromosome

preparation with short-term colcemide treatment. Advan-
tages compared with I-FISH are the ability to see a
chromosome-like morphology and to minimize false-
positive results owing to stochastic signal overlap, which
is often seen in I-FISH experiments. Furthermore, without
cultivation, buccal smear cells, sperm cells, and cells
originating from the urinary tract can be used for I-FISH
either to obtain primary information or to verify former
results obtained by peripheral blood cell karyotyping or
arrayecomparative genomic hybridization (CGH) analyses
(see Section 15.10). In preimplantation genetic diagnosis
(see Chapter 26), FISH for aneuploidy screening is
routinely performed on polar bodies and, if allowed, on
blastomeres (Delhanty et al., 1993; Fragouli, 2007).

Mainly used in basic research, e.g., for clone mapping,
rather than in diagnostic units, FISH to DNA fibers
(FIBER-FISH) using released chromatin fibers from inter-
phase cells (Heng et al., 1992; Wiegant et al., 1992) is
employed to study the structure and organization of
mammalian genomes with high resolution. A great advan-
tage of I-FISH on single cells is that it can also be per-
formed on archived or nondividing material such as fresh-
frozen and paraffin-embedded tissues slices and touch
preparations of pathologic specimens. Resolution when

TABLE 14.1 Examples of Common Autosomal Microdeletion Syndromes in Clinical Diagnostics

Chromosomal

Localization Name

Involved Gene(s)/Hybridization

Target

Online Mendelian

Inheritance in Mana

Entry

del(1)(p36.3) Chromosome 1p36 deletion
syndrome

#607872

del(4)(p16.3) WolfeHirschhorn syndrome WolfeHirschhorn critical region #194190

del(5)(p15.2p15.3) Cri-du-chat syndrome Cri-du-chat critical region #123450

del(7)(q11.23q11.23) WilliamseBeuren syndrome ELN #194050

del(8)(q24.1q24.1) Trichorhinophalangeal syndrome/
LangereGiedion syndrome

EXT1, TRPS I, TRPS II #150230

del(11)(p13p13) Wilms tumor, aniridia, genitourinary
anomalies, mental retardation
syndrome

WT1, PAX6 #194072

del(15)(q11q13)pat PradereWilli syndrome SNRPN #176270

del(15)(q11q13)mat Angelman syndrome UBE3A #105830

del(16)(p13.3) RubinsteineTaybi syndrome CBP #180849

del(17)(p11.2p11.2) SmitheMagenis syndrome SmitheMagenis critical region #182290

del(17)(p13.3) MillereDieker syndrome LIS1 #247200

del(20)(p11.23p11.23) Alagille syndrome JAG1 #118450

del(22)(q11.2q11.2) Velocardiofacial/DiGeorge syndrome VCF/DiGeorge critical region #192430*188400

aOnline Mendelian Inheritance in Man at http://www.ncbi.nlm.nih.gov/omim.
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using FISH depends directly on the target material. In the
study of metaphase chromosomes, a resolution of 2e5 Mb
can be attained, whereas in interphase nuclei the resolution
varies between 2 Mb and 50 kb. When performing FIBER-
FISH experiments, a resolution of 5e500 kb can be ach-
ieved (Speicher and Carter, 2005).

For reproducible hybridization results some targets
need different pretreatment steps (e.g., proteolytic steps)
for better penetration of the probe. For all target materials,
a fixation step is required. In cytogenetics, conventional
fixative (methanol/acetic acid, 3:1) is routinely used, but
70% ethanol fixation also provides good results. For
FISH, formerly dividing cells are applied to glass slides
for pretreatment by RNase or proteolytic digestion, if
necessary. Before hybridization, the double-stranded
target DNA has to be denatured by either chemical or
heat treatment, “melting” the DNA double helices to
single-stranded DNA (Schwarzacher and Heslop-
Harrison, 2000).

14.4.2 DNA Probes for Fluorescence
In Situ Hybridization

A variety of DNA probes generated by different amplification
or cloning techniques are used for FISH. Probe DNA can be
prepared by locus-specific PCR amplifying single genes,
cloning of large human DNA fragments, chromosome micro-
dissection, or flow-sorting of whole chromosomes. A large
number of commercial FISH probes is available (Fig. 14.3).
Region- or band-specific chromosomal DNA can be cloned in
vectors of different sizes, such as fosmids, cosmids, plasmids,
P1-derived artificial chromosomes, bacterial artificial chromo-
somes (BACs), or yeast artificial chromosomes (YACs).
Yamada et al. (2011) introduced the visualization of fine-scale
genomic structures using oligonucleotide libraries for high-
resolution FISH. The choice of the vector system depends on
the size of the DNA fragment to be cloned. Mapped and
sequenced large insert clones are available for almost any
chromosomal region and can easily be selected using Internet

FIGURE 14.2 Flowchart summarizing the standard steps of fluorescence in situ hybridization. Target material (cell suspension including metaphase
spreads and interphase nuclei) is dropped onto glass slides, pretreated, and denatured to prepare single-stranded DNA. After hybridizing the single-
stranded, labeled probe to the target material and posthybridization wash, results can be analyzed by microscopic inspection. By using a whole-
chromosome probe for chromosome 3 (left), a partial trisomy is visible. Using a locus-specific probe (e.g., YAC) (right), three signals are detectable
in the interphase nucleus reflecting a partial trisomy 3.
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databases (e.g., UCSC genome browser, Ensembl Cytoview,
NCBI Map-Viewer).

14.4.3 Probe Labeling

Nucleic acid FISH probes are labeled and visualized either
directly using fluorochrome-conjugated nucleotides
(e.g., fluorescein isothiocyanate) or indirectly using reporter
molecules (e.g., biotin-dUTP, digoxygenin-dUTP)
(Schwarzacher and Heslop-Harrison, 2000). Nucleic
acidelabeling approaches are based on the use of different
enzymatic or chemical methods, and the choice of the la-
beling technique varies from laboratory to laboratory
(Rautenstrauß and Liehr, 2002). Most labeling strategies
are based on the enzymatic incorporation of label-
conjugated nucleotides in a new synthesized DNA strand.
Examples of these approaches are PCR (amplification and
labeling of the probe) using degenerated oligonucleotide
primers (Telenius et al., 1992), nick translation (no ampli-
fication but fragmentation of probe size) (Rigby et al.,
1977), and random priming using hexamer primers result-
ing in probe amplification during the labeling procedure
(Feinberg and Vogelstein, 1983). For small oligonucleo-
tides, terminal fluorochrome-labeling reactions (Bauman
et al., 1980) are commonly used.

Over the past decades, various other labeling approaches
such as chemical cross-linking have been introduced (van
Gijlswijk et al., 2001), and numerous kits are commercially
available to label probe DNA with high efficiency.

For multicolor assays discriminating numerous targets
simultaneously (for details, see Section 15.6), combinations
of five fluorochromes can result in more than 24 colors
using a ratio-labeling scheme (the same fluorochrome
combination but different proportions) (Dauwerse et al.,
1992; Nederlof et al., 1992), combinatorial labeling (a
unique combination of different fluorochromes) as
described by Nederlof et al. (1990), or the combined binary
ratio labeling strategy introduced by Tanke et al. (1999).

A crucial step for all labeling systems is to achieve an
optimal fragment size of the labeled FISH probe to ensure
appropriate penetration and hybridization efficiency. For FISH
experiments using locus-specific probes, the fragment size after
labeling should not exceed 300 bp. Therefore, some labeling
approaches also require fragmentation of probeDNAbyDNase
or ultrasonic treatment before in situ hybridization.

14.4.4 Hybridization, Posthybridization
Wash, Detection, and Documentation

For DNA duplex formation, probe DNA and target DNA
have to be single stranded (Fig. 14.2). For denaturation, the
probe DNA dissolved in hybridization buffer (also known as
hybridization mix) containing formamide and appropriate
salt-concentrations is dissociated in a water bath at the

appropriate temperature (depending on the probe composi-
tion). Many probes of higher complexity contain repetitive
DNA elements that are scattered throughout the genome
(e.g., whole-chromosome painting probes). To suppress their
unspecific cross-hybridization, unlabeled competitor (Cot-1)
DNA, a highly repetitive fraction of the human genome, is
added to the hybridization mix. The Cot-1 DNA binds to the
highly repetitive elements in the probe, suppressing
nonspecific cross-hybridization to the target (chromosome
in situ suppression hybridization) (Cremer et al., 1990;
Hulten et al., 1991). After appropriate prehybridization or
preannealing, the fluid hybridizationmixture is applied to the
target material for an appropriate time (hours to days),
depending on the size and complexity of the probe and target.
Nonspecific bound probe is washed off using stringent
washes (low salt concentration) under thermal conditions
that do not denature the target DNA duplexes (washing
temperature lower than the melting temperature).

For direct-labeled probes, no detection steps are
necessary, whereas indirect-labeled probes (e.g., biotin- or
digoxigenin-labeled probes) have to be detected using an
appropriate detection system. After counterstaining the
target material using either 4,6-diamidino-2-phenylindole
(DAPI) or propidium iodide, and application of an anti-
fade solution to prevent bleaching of the fluorescent sig-
nals, hybridization results can be inspected visually using
an epifluorescence microscope equipped with appropriate
single- or multiband pass filter sets. Digital documentation
of hybridization results is routinely done using a charge-
coupled device (CCD) camera attached to a microscope,
and connected to a computer with appropriate capturing
and analysis software.

14.5 TYPES OF FLUORESCENCE IN SITU
HYBRIDIZATION PROBES AND
FLUORESCENCE IN SITU
HYBRIDIZATION APPROACHES FOR
METAPHASE AND INTERPHASE
FLUORESCENCE IN SITU
HYBRIDIZATION

The ability to detect and characterize chromosomal ab-
normalities in metaphase spreads and interphase cells using
FISH has been greatly enhanced by the rapidly increasing
availability of numerous chromosome- and locus-specific
probes (Fig. 14.3 and Table 14.2). The choice of probe
and the simultaneous use of multiprobe assays depend on
the particular application in question.

14.5.1 Centromeric Satellite Probes

The first routinely used FISH probes were centromere-
specific probes detecting highly repetitive centromeric
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a-satellite DNA sequences (Cremer et al., 1986). In mo-
lecular diagnostics, these probes are mainly used for
chromosome enumeration and marker chromosome identi-
fication (Figs. 14.3, 14.4A and B). Especially for interphase
cell analysis, which can be performed on cytologic prepa-
rations as well as in sections of formalin-fixed and paraffin-
embedded tissues, these probes are particularly attractive
because of high sensitivity and excellent hybridization ef-
ficiencies. The hybridization time of these highly repetitive
probes is short (only hours) and provides rapid results
without the need for specific cytogenetic expertise for
chromosome recognition or cell culture/metaphase prepa-
ration. So-called all-human centromeric probes, a mixture
of all a-satellite repeats of the human genome hybridizing
to all human centromeres simultaneously, are used to detect
dicentric chromosomes or define neocentromeres and al-
ways lack a-satellite DNA sequences.

However, by using chromosome-specific centromeric
probes for interphase cytogenetics, centromeric poly-
morphisms can result in split signals and therefore in false-
positive findings. In addition, for some chromosomes,
sequence homologies of the a-satellite sequences result in
cross-hybridizations (e.g., chromosomes 13/21 and 14/22),
which makes these probes less suitable for interphase cy-
togenetics. Furthermore, the use of centromeric probes for
supernumerary marker chromosome detection gives no in-
formation about the euchromatic chromosome contents
accounting for most phenotypic features.

14.5.2 Whole-Chromosome “Painting”
Probes

Whole chromosome probes, also called painting probes, are
DNA libraries representing a cocktail of DNA fragments of
a single human chromosome (Deaven et al., 1986; Guan
et al., 1993; Figs. 14.3, 14.4C and D). These DNA probes,
obtained by chromosome flow sorting or chromosome
microdissection (Fig. 14.5) (see Section 15.5.3), allow the

labeling of individual chromosomes in metaphase spreads,
and subsequently the identification and characterization of
both numerical and interchromosomal structural aberrations
as translocations and nonhomologous insertions. Partial
chromosome probes (Fig. 14.3), generated by chromosome
microdissection and representing the short or the long arm
of chromosomes, are valuable tools for the detection of
intrachromosomal pericentric inversions including the
centromere.

In routine use, the application of appropriate whole-
chromosome probes to ascertain chromosomal aberrations
needs the prior knowledge (and therefore cytogenetic
expertise) of the affected chromosome(s) in question.
Otherwise, for example, for euchromatin-containing marker
chromosome characterization, a whole repertoire of
different DNA probes has to be hybridized and analyzed to
narrow down or identify the origin of unknown chromo-
somal material (Blennow et al., 1995).

However, a locus-specific determination of the affected
chromosomal region in intrachromosomal rearrangements,
such as deletions and duplications, and paracentric in-
versions affecting only one chromosome arm, is not
possible using whole or partial chromosome probes. The
detection of small interchromosomal translocations
involving only small regions of the chromosome ends often
cannot be performed with adequate diagnostic sensitivity
using whole-chromosome probes. In contrast to centro-
meric probes, chromosome enumeration by whole-
chromosome probes can be performed only on metaphase
spreads, which demands the availability of proliferating
material.

14.5.3 Probe Generation by Chromosome
Microdissection

Characterization of the composition and chromosomal
origin of marker chromosomes or their parts can be per-
formed straightforwardly by chromosome microdissection

FIGURE 14.3 Schematic illustration of various fluorescence in situ hybridization probes used in routine cytogenetic diagnostics.
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(micro-FISH) (Meltzer et al., 1992). This method is based
on the micromanipulated or laser captureebased chromo-
some dissection of the marker chromosome followed by
PCR-mediated DNA amplification. By reverse (on normal
metaphase spread) or forward (on patients’ metaphase
spreads) hybridization, the complete euchromatic content
of the marker chromosome can be explored without using
commercial probes (Fig. 14.5). A prerequisite for this assay
is proliferating cell material from the patient. In addition to
the fact that some chromosome aberrations such as in-
versions and small duplications are not detectable using
dissected material as a probe, precise breakpoint identifi-
cation is limited owing to hybridization on condensed
metaphase chromosomes. Furthermore, there are practical
limitations to micro-FISH for diagnostic purposes because
specialized equipment (microdissection unit), technical
skills, and profound cytogenetic knowledge regarding
flawless recognition of the marker chromosome are
necessary.

14.5.4 Region and Locus-Specific Probes

14.5.4.1 Locus-Specific Probes

To investigate submicroscopic chromosomal loci of the
human genome, which are too small to be visualized by
conventional cytogenetics, a wide spectrum of so-called
locus-specific probes are used routinely in diagnostic
FISH laboratories. Most of these probes are vector-cloned
probes. For the molecular-cytogenetic verification of syn-
dromes with submicroscopic gain or loss, such as the
classical microdeletion and microduplication syndromes
(Table 14.1), single-copy probes detecting the common
region of interest are hybridized to patient cells
(Fig. 14.4F). Although metaphase spreads are used
routinely as targets for microdeletion syndromes, interphase
nuclei are employed to detect microduplications because of
the better separation of closely spaced hybridization signals
(Shaffer and Lupski, 2000). Most commercial probes
include a second control probe hybridizing to the

TABLE 14.2 FISH Probes for the Characterization of Specific Chromosome Alterations

Probes for FISH Hybridization Target Patient Material Aberration Type Detectable

Commercial Probes

Centromere-specific a-satellite
probes

Centromeres Metaphase spreads, inter-
phase cells

Numerical aberrations, identifi-
cation of marker chromosome
origin

Whole-chromosome probes
and partial chromosome arm
specific probes

Whole chromosomes Metaphase spreads Numerical aberrations, inter-
chromosomal aberrations as
balanced translocations or
nonhomologous insertions

Locus-specific probes (micro-
deletion and microduplication
probes)

Submicroscopic chromosomal
loci

Metaphase spreads, inter-
phase cells

Microdeletions and
microduplications

Tumor probes (single-fusion
probes, break-apart probes,
double-fusion probes, onco-
gene amplification probes)

Submicroscopic fused chromo-
somal loci (translocation break-
points), homogeneously
staining regions (gene
amplifications)

Interphase cells (meta-
phase spreads)

Chimeric gene fusions, gene
amplifications, inversions,
deletions

All telomeric probes Telomere repeats Metaphase spreads Quantification of telomere size,
loss of telomere

Subtelomeric probes Subtelomeric regions Metaphase spreads Cryptic terminal deletions, du-
plications, translocations

Noncommercial Probes

PCR-amplified microdissected
or chromosomes or chromo-
somal bands (Micro-FISH)

Chromosomes or their parts Patient and control meta-
phase spreads, forward
and reverse “painting”

Marker chromosome
characterization

PCR products in situ; PCR
primer for specific chromo-
somal loci, genes, or alphoid
sequences

Telomere repeats, microdele-
tions, single genes

Metaphase spreads Telomeric aberrations, micro-
deletions, single gene deletions

FISH, fluorescence in situ hybridization; PCR, polymerase chain reaction.
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(A)

(C)

(E) (F)

(D)

(B)

FIGURE 14.4 Sample combinations of single probes used in routine diagnostics. (A) Interphase nuclei of uncultured amniocytes hybridized with three
different alphoid probes [cep-X (red (light gray in print versions)), cep-Y (green (white in print versions)), and cep-18 (blue (gray in print versions)). A
normal male signal constitution has been detected for the chromosomes X and Y. The three blue (gray in print versions) signals gave evidence of trisomy
18 in the amniocytes. (B) Interphaseefluorescence in situ hybridization (FISH) using centromeric probes for chromosomes 7 (green (white in print
versions)) and 9 (red (light gray in print versions)), detecting a monosomy 7 mosaicism. (C). Whole-chromosome probes for chromosome 3 (green (white
in print versions)) and 11 (red (light gray in print versions)), detecting a reciprocal translocation t(3; 11). (D) Combinatorial hybridization of whole-
chromosome painting for chromosome 4 (red (light gray in print versions)) and an all-telomere repeat probe. (E) Result of a double-fusion probe
experiment performed on a bone marrow metaphase of a patient with chronic myelogenous leukemia patient detecting a Philadelphia-positive metaphase
spread resulting in mixed-color signals (fusion signals) on the derivative chromosomes der(9) and der(22). (F) Microdeletion of the SHOX gene (red (light
gray in print versions)) at the tip of one X-chromosome in a female. As a control probe, a cep-X (green (white in print versions)) has been hybridized.
(A) Courtesy of Markus Stumm, Berlin, Germany and (E) Courtesy of Ivan Loncarevic, Institute of Human Genetics and Anthropology, Jena, Germany.
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unaffected chromosome arm to validate successful
hybridization.

In prenatal diagnostics, differently labeled single probes
can be used for rapid testing for chromosomal aneuploidies
on uncultivated amniocytes (Kuo et al., 1991; Klinger et al.,
1992; Ward et al., 1993; Stumm et al., 2006; Fig. 14.4A).
Using this approach, a combination of locus-specific and
alphoid probes of human chromosomes 21, 18, 13, X, and Y
are hybridized in two combinations to detect the most com-
mon aneuploidies in humans. However, this FISH test is not
designed to detect all possible chromosome aneuploidies; it
needs amniotic fluid sampling and is therefore used as a fast
and ancillary test for conventional cytogenetics. After the
implementation of high-throughput next-generation
sequencing, noninvasive prenatal testing is a straightfor-
ward alternative to circumvent amniocyte sampling.

14.5.4.2 Tumor Probes

In tumor genetics, most chromosomal rearrangements have
major diagnostic and prognostic relevance. A number of
single-copy locus-specific probes detecting characteristic
translocations/fusion genes, inversions, deletions, and
oncogene amplifications on the single-cell level are
commercially available (Wang, 2002). These probes allow

the investigation of metaphase spreads and interphase cells
in one experiment. Furthermore, the detection of minimal
residual disease and posttransplantation follow-up can be
done with high sensitivity. Some of these locus-specific
probes [locus-specific identifier (LSI)] locate translocation
and inversion breakpoints precisely, reflecting chimeric
gene fusions in neoplastic diseases, especially in leukemia
(e.g., BRC-ABL). LSI probes can also be used to identify
the origin of the amplified DNA that constitutes homoge-
nously staining regions and double minutes that occur in a
variety of tumor cells. Single-fusion dual-color FISH
probes (Figs. 14.3 and 14.4E), which were the first avail-
able tumor probes, detect specific translocation breakpoints
in interphase nuclei by the presence of nonrandomly
distributed juxtaposed signals. However, in interphase di-
agnostics, these probes can have high rates of false-positive
signals. Newer types of translocation probes in cancer ge-
netics are break-apart probes detecting simple splits of
normally proximate signals and so-called double-fusion
probes detecting a fusion signal on both derivative chro-
mosomes (Grand et al., 1998). Oncogene amplification
probes, commonly used in solid tumor genetics, visualize
gene amplifications in metaphase and interphase cells and
clarify the identity of the genes involved.

FIGURE 14.5 Flowchart summarizing the practical steps of marker chromosome microdissection fluorescence in situ hybridization. Using a glass
dissection needle controlled by a micromanipulator, some copies of the marker chromosome are dissected and transferred to a microcentrifuge tube.
Subsequently, chromosomal DNA is amplified and labeled by degenerate oligonucleotide primedepolymerase chain reaction (PCR). The resulting
chromosome probe is hybridized to metaphases containing the marker (patient metaphase spread and forward painting) to verify regional authenticity of
the probe. Simultaneously, the chromosomal composition of the marker is determined by hybridization of the probe to normal metaphase chromosomes.
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14.5.4.3 Subtelomeric Probes and Telomere
Repeat Probes

The highest gene concentrations in the human genome are
in the subtelomeric regions of metaphase chromosomes
(Saccone et al., 1992). These chromosomal regions are
prone to rearrangements, which could give rise to cryptic
aberrations probably accounting for 5e10% of unexplained
moderate to severe cases of mental retardation, congenital
anomaly, and spontaneous abortion (Knight et al., 1997,
1999; Anderlid et al., 2002; Yu et al., 2005). Subtelomeric
probes were established for all chromosome ends
(excluding the short arms of acrocentric chromosomes) to
screen metaphase spreads for cryptic translocations or im-
balances at the terminal euchromatic parts of the
chromosomes.

The noncoding telomere repeat (TTAGGG)n distal to
the subtelomeric region at the end of each eukaryotic
chromosome protects the chromosome against rearrange-
ments and fusion with other chromosomes (Fig. 14.4D).
Using a repetitive all-telomere probe, ring chromosome
formation can be pinpointed, especially in small supernu-
merary ring chromosomes.

Telomere shortening, which results from cell divisions
over time, can lead to genomic instability and neoplasia
(Shay et al., 1994). A quantitative FISH assay, using pep-
tide nucleic acid (PNA) telomere oligonucleotide probes,
resulting in stronger hybridization signals (with shorter
probes, higher affinity, and specificity) compared with
standard DNA oligonucleotide probes, has been described
by Lansdorp et al. (1996). In addition, the PNAeDNA
duplex has a higher melting temperature than the DNAe
DNA duplex. Hybridizing these probes, the fluorescence
intensity detected is directly proportional to the amount of
telomere repeats.

14.5.5 Special Probe Types and
Combinations

In the literature, several additional specific probe designs
and combinations have been published over the years, but
not all of these are used routinely in diagnostics. It would
go beyond the scope of this chapter to list all of these in
detail. All of the following FISH-based sensitive ap-
proaches detect a single or only a few chromosome alter-
ations at a time.

14.5.5.1 Primed In Situ Labeling

Primed in situ labeling (PRINS) is a complementary FISH
approach based on the in situ hybridization of short unla-
beled DNA primers to metaphase spreads or interphase
cells and subsequent in situ chain elongation catalyzed by a
DNA polymerase (Koch et al., 1989, 1991). The product of
this PCR in situ is visible owing to incorporation of labeled
nucleotides. Depending on the primers used, this time- and
cost-effective method allows the detection of centromeric

a-satellite DNA (Hindkjaer et al., 1995), telomeric repeats
(Krejci and Koch, 1998), microdeletions, and single-copy
genes (Cinti et al., 1993; Kadandale et al., 2000; Tharapel
et al., 2002). However, PRINS requires knowledge of the
exact target sequence for the primers and high-quality
target material.

14.5.5.2 Single-Copy Fluorescence In Situ
Hybridization Probes

Rogan et al. (2001) introduced the use of a new generation
of small single-copy FISH (sc-FISH) probes designed by
computational sequence analysis of approximately 100-kb
genomic sequences, bridging the gap between molecular
genetic data and molecular cytogenetics. These labeled
probes, produced by PCR, can be hybridized without pre-
annealing or blocking, because sc-FISH probes lack
repetitive DNA sequences. These short probes are produced
directly from genomic DNA without recombinant DNA
techniques. Applications of these probes include detection
of microdeletion syndromes and submicroscopic deletions
(Knoll and Rogan, 2003).

14.5.6 Morphology, Antibody,
Chromosomes, In Situ Hybridization, and
Fluorescence Immunophenotyping and
Interphase Cytogenetics: Fluorescence
Immunophenotyping and Interphase
Fluorescence In Situ Hybridization

Morphology, antibody, chromosomes, in situ hybridization,
and fluorescence immunophenotyping and interphase
cytogenetics (FICTION) are methods combining the
immunophenotyping of cells and FISH (Knuutila and
Teerenhovi, 1989; Weber-Mathiesen et al., 1993). These
approaches allow the examination of numerical and struc-
tural chromosome abnormalities of immunologically clas-
sified cells. They are used especially to detect tumor cells
carrying chromosome abnormalities in mixed cell pop-
ulations contaminated with normal cells as tissue sections
or cytologic preparations. Martin-Subero et al. (2002)
described the use of multicolor FICTION, allowing
simultaneous detection of the morphologic and immuno-
phenotypic characteristics of neoplastic cells together with
the most frequent chromosomal aberrations.

14.6 MULTICOLOR FLUORESCENCE IN
SITU HYBRIDIZATION SCREENING
ASSAYS

For the simultaneous visualization of different chromosome
aberrations in one experiment, a variety of multicolor FISH
assays have been developed (Liehr et al., 2002; Tönnies,
2002). Some of the most important techniques for routine
cytogenetics are described next (Table 14.3).
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TABLE 14.3 Molecular Cytogenetic Multicolor Whole-Metaphase/Cell Scanning Techniques Used in Human Molecular Diagnostics

FISH Technique Probe Setup

Hybridization

Target (Patient

Material) Aberration Type Detectable

Specific Advantages of

Technique Diagnostic Limitations

Centromere-specific and
centromeric- multiplex FISH

All centromere-
specific a-satel-
lite probes

Centromeres
(metaphase
spreads)

Numerical aberrations, identi-
fication of marker chromo-
some origin

Fast characterization of super-
numerary marker chromosome
origin, no need for specific cy-
togenetic expertise

No information about euchro-
matic content of marker

Telomere-multiplex-FISH, 12-
color FISH

All subtelomeric
regions

Subtelomeres
(metaphase
spreads)

Cryptic terminal deletions, du-
plications, and translocations

High sensitivity, simultaneous
analysis of all chromosome
ends involved in
rearrangements

Small analysis spectrum
restricted to chromosome
ends, further analysis of
affected chromosome(s)
necessary

Spectral karyotyping/multi-
fluor-FISH and technical mod-
ifications (color-changing
karyotyping-FISH, combined
binary ratio labeling-FISH,
interspersed polymerase chain
reaction multiplex FISH)

All human WCP-
specific probes

Whole chromo-
somes (meta-
phase spreads)

Interchromosomal balanced
and unbalanced transloca-
tions, euchromatic marker
chromosome identification

Whole-metaphase scanning
without prior probe selection,
translocation partner detection
in one experiment, fast char-
acterization of euchromatic
marker chromosome content

Insensitive detection of intra-
chromosomal aberrations such
as deletions, duplications and
inversions, imprecise break-
point detection, need for
nonoverlapping chromosomes

Chromosomal bar codes and
cross-species color-
segmenting FISH

yeast artificial
chromosome
clones, fragment
hybrids, cross-
species WCP
mix

Whole chromo-
somes (meta-
phase spreads)

Interchromosomal and intra-
chromosomal aberrations such
as translocations and gross de-
letions, duplications,
inversions

Metaphase-wide detection of
gross intrachromosomal and
interchromosomal chromo-
some alterations and marker
chromosomes

Suboptimal locus-specific res-
olution of breakpoints, need
for nonoverlapping
chromosomes

Multicolor-banding, multi-
color banding

Microdissection-
derived partial
chromosome
probes

Whole chromo-
somes (meta-
phase spreads)

Interchromosomal and intra-
chromosomal aberrations such
as translocations, deletions,
and inversions

Sensitive whole-karyotype
detection chromosomal alter-
ations with chromosome band
especific resolution

High costs and technically
demanding, need for nonover-
lapping chromosomes

Comparative genomic
hybridization

Patient and con-
trol DNA

Whole control
chromosomes
(metaphase
spreads)

Chromosomal interchromo-
somal and intrachromosomal
imbalances, gene amplifica-
tions, marker chromosomes

Whole-genome scanning tech-
nique with no need for
proliferating patient material,
locus-specific detection of
gene amplification, band-
specific information on imbal-
ance size

Insensitive detection of imbal-
ances in subpopulation of
cells, no detection of
balanced aberrations, techni-
cally demanding

Array-based techniques
(microarray)

Patient and con-
trol DNA

Spotted defined
DNA probes
(cloned se-
quences or
oligonucleotides)

Chromosomal interchromo-
somal and intrachromosomal
imbalances, gene amplifica-
tions, marker chromosomes

Whole-genome scanning tech-
nique with no need for
proliferating patient material,
high-resolution target specific
detection of gene amplifica-
tion, submicroscopic informa-
tion on imbalances

Direct dependence on spotted
targets, no detection of
balanced translocations,
missing of small mosaics

FISH, fluorescence in situ hybridization; WCP, whole-chromosome paint.
According to ISCN, 2013. An International System for Human Cytogenetic Nomenclature, (Shaffer, L.G., McGowan-Jordan, J., Schmid, M., eds.). S. Karger, Basel.
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14.6.1 Centromere-Specific Multicolor
Fluorescence In Situ Hybridization and
Centromeric Multiplex Fluorescence In Situ
Hybridization

Two all-human centromere-specific multicolor-FISH ap-
proaches for the subsequent determination of the exact
origin of structurally abnormal, cytogenetically unidentifi-
able marker chromosomes were reported by Henegariu
et al. (2001a) (centromeric multiplex FISH) and Nietzel
et al. (2001) (centromere-specific multicolor FISH)
(Fig. 14.6A). These one-step multicolor FISH assays allow
the simultaneous characterization of all human centromeres
using differently labeled centromeric satellite DNA as
probes for all human chromosomes. However, by using
centromeric a-satellite probes, only the centromeric parts of
chromosomes can be explored, whereas other chromosome
abnormalities affecting the euchromatin are excluded from
investigation by using these assays.

Because most markers originate from the acrocentric
chromosomes, Langer et al. (2001) developed an acroM-
FISH assay using a probe mixture that consists of paint-
ing probes and centromere probes for chromosomes 13/21,
14/22, and 15, and a probe specific for ribosomal DNA,
each labeled with a specific combination of fluorochromes.
Using this assay, the origin of approximately 80% of all
markers can be identified by one hybridization assay.

14.6.2 Multicolor Assays for Subtelomeric
Rearrangements

Special subtelomeric multicolor probe mixes were estab-
lished to scan metaphase spreads for subtle aberrations at
the gene-rich ends of the chromosomes in a scanning assay
(see Section 15.5.4.3). Henegariu et al. (2001b) reported the
analysis of 41 chromosome ends simultaneously using a
multicolor hybridization assay including DNA probes
located near the end of these chromosomes (0.1 to 1 Mb
from the telomere). In the same year, Brown et al. (2001)
presented the 12-color FISH assay, which permits the
screening of all telomeres in only two hybridizations. As an
important parameter for successful hybridizations, all three
techniques require well-spread metaphases (proliferating
cells) with no cytoplasm.

14.7 MULTICOLOR WHOLE-METAPHASE
SCANNING TECHNIQUES

In addition to the various locus-specific assays described in
this chapter (“direct assays”), which often require the
hybridization of a whole repertoire of probes for different
chromosomes successively to narrow the overall composi-
tion of a chromosome aberration in single FISH

experiments, some unbiased whole-metaphase or chromo-
some scanning approaches (“indirect assays”) have been
developed to characterize highly rearranged and unbal-
anced chromosome aberrations. Two major techniques,
multi-fluor-FISH (M-FISH) (Speicher et al., 1996;
Fig. 14.6B) and spectral karyotyping (SKY) (Schröck et al.,
1996; Fig. 14.6C), were developed for the detection of
nonhomologous structural and numerical chromosomal
aberrations through the use of a 24-color whole-
chromosome probe mix on individual metaphase chromo-
somes. Each homologous chromosome is displayed in a
different color, based on the use of computer-generated
false-color chromosome images and karyotyping.
Although the principle of hybridizing whole-chromosome
probes labeled by five different fluorochromes in different
combinations (combinatorial labeling) is the same, both
approaches employ a different technical strategy: spectral
karyotyping combines Fourier spectroscopy, CCD imaging,
and optical microscopy to measure at all points simulta-
neously in the sample emission spectra in the visible and
near-infrared spectral range (Schröck et al., 1996). In
contrast, M-FISH is based on classical epifluorescence
microscopy using fluorochrome-specific optical filter sets
for color discrimination (Speicher et al., 1996). That no
prior knowledge of the affected chromosome(s) is required
(“indirect analysis”) counts as an advantage for both tech-
niques. By both approaches, the detection of chromosome
rearrangements such as balanced or unbalanced trans-
locations and euchromatic marker chromosomes in a single
hybridization is possible, even if the chromosome
morphology is poor. Therefore, both methods are used
routinely in clinical and tumor genetics (McNeil and Ried,
2000; Schröck and Padilla-Nash, 2000; Bayani and Squire,
2002; Teixeira, 2002).

However, using both techniques only the origin or
constitution of an aberrant chromosome can be proved,
whereas the assignment of an exact locus or breakpoint is
not possible. A major drawback for routine use is poor
sensitivity in detecting aberrations such as intra-
chromosomal deletions, duplications, and inversions. A
large number of whole-chromosome probes labeled with
different fluorochromes and the special technical equipment
required, in particular for SKY analyses, restrict these
scanning techniques to some specialized laboratories.

In 1999, Henegariu et al. presented a cost-effective
alternative to SKY and M-FISH, called color-changing
karyotyping (CCK). Compared to both techniques
mentioned before, CCK uses only three fluorochromes to
discriminate up to 41 DNA probes. Discrimination is done
through the difference in signal strength between direct-
and indirect-labeled chromosomes. Therefore, this
approach can be used with a conventional three-filter
fluorescent microscope located in every molecular-
cytogenetic lab. To achieve a better breakpoint resolution
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of translocations, Aurich-Costa et al. (2001) developed a
multicolor karyotyping technique based on the use of
interspersed PCR (IRS-PCR)-generated whole-
chromosome probes that display, in addition to color kar-
yotyping, an R bandelike hybridization pattern. This
technique has been termed IRS-PCR multiplex FISH.

14.8 MULTICOLOR CHROMOSOME
BANDING TECHNIQUES

Cytogenetics using black-and-white bar coding of chro-
mosomes remains the most important and cost-effective
standard method to identify chromosome aberrations.

(A) (B)

(C)

FIGURE 14.6 Different examples of multicolor fluorescence in situ hybridization (FISH) approaches. (A) A supernumerary marker chromosome could
be characterized as a derivative chromosome 8 using the centromere-specific multicolor FISH approach. (B) Multi-fluor-FISH karyotype with complex
chromosomal aberrations after radiation of the lymphocyte culture. (C). Spectral karyotyping analysis of a human multiple myeloma cell-line (NCI-H929,
CRL-9068; ATCC, Manassas, VA). Several chromosomal aberrations were identified, e.g., translocations between chromosomes X and 7, 6 and 18, as
well as 8 and 20, a dicentric chromosome 1 and a second dicentric chromosome 1 involved in a translocation or insertion with chromosome 10.
(A) Courtesy of Thomas Liehr, Institute of Human Genetics and Anthropology, Jena, Germany, (B) Courtesy of Christian Johannes, Essen, Germany.
Hybridization; analysis carried out in collaboration with Metasystems, Germany), and (C) Courtesy of Isabell Grandy and Evelin Schröck, Institute of
Clinical Genetics, Medical Faculty Carl Gustav Carus, Technical University, Dresden, Germany.
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However, because of the similar size and shade of some
chromosome bands, detailed identification and chromo-
somal assignment of altered chromosome regions by con-
ventional cytogenetic banding techniques alone is not
always satisfactory. In addition, pronounced cytogenetic
expertise is needed for aberration detection and character-
ization, which restricts the number of persons employing
these methods. Over time, the idea came up to develop
color bar coding of chromosomes, which allows the
detection of interchromosomal and intrachromosomal ab-
errations as well as automated karyotyping of the colored
chromosomes. The first bar-coding attempts, chromosomal
bar codes (Lengauer et al., 1993), were obtained by FISH
with pools of Alu-PCR products from yeast artificial
chromosome clones containing human genomic DNA
inserts.

Four years later, Müller et al. (1997) described their
chromosome bar code for human chromosomes based on
the application of a set of subregional DNA probes (based
on human/rodent somatic cell hybrids) that distinguishes
each chromosome in a single FISH assay. The result was a
multicolor set of 110 distinct signals per haploid chromo-
some set. Using flow-sorted primate chromosomes of two
gibbon species, Müller et al. (1998) also established the so-
called cross-species color segmenting. With the exception
of six chromosomes, all other human chromosomes can be
differentiated by this hybridization assay in at least two and
up to six segments. However, allowing the detection of
inter and intrachromosomal aberrations, the resolution of
classical banding patterns (approximately 400e600 bands/
haploid genome) cannot be reached by these approaches
(e.g., for breakpoint detection).

High-resolution multicolor banding (MCB) for refined
FISH analysis of human chromosomes on the band and
subband level was introduced by Chudoba et al. (1999)
(Fig. 14.7A and B). This technique is based on changing
fluorescence intensity ratios of overlapping DNA probes,
labeled by five different fluorochromes. After computer-
based assignment of distinctive pseudocolors to the over-
lapping and nonoverlapping hybridization signals along the
chromosome, this approach allows a higher resolution than
the other approaches and is independent of chromosome
condensation. Using the MCB technique for single chro-
mosomes, preferentially intrachromosomal aberrations such
as deletions and pericentric or paracentric inversions can be
characterized.

Mrasek et al. (2001) reported the use of human MCB
probes for all chromosomes, permitting the straightforward
characterization not only of intrachromosomal aberrations
but also of interchromosomal translocations and breakpoint
mapping (Fig. 14.7C). By using 138 microdissection-
derived MCB probes, a resolution of 450 bands and more
can be achieved, enabling high-resolution FISH banding
for the detection of complex chromosome rearrangements

(Liehr and Claussen, 2002). In 2008, Weise et al. presented
the first BAC array-mapped genome-wide human MCB
probe set including 169 region-specific microdissection li-
braries characterized in detail for their size and overlap.

14.9 WHOLE-GENOME SCANNING AND
COMPARATIVE GENOMIC
HYBRIDIZATION

All metaphase or chromosome scanning techniques
mentioned before use metaphases of the patient to uncover
chromosomal aberrations and, as a result, are experimen-
tally demanding and labor-intensive. Moreover, resolution
depends directly on the chromosomes used as targets. In
tumor genetics, especially in solid tumor samples, the
number of metaphases that can be prepared from these
tissues is often small, if at all available. In addition, the
chromosome morphology is often poor so that karyotyping
is barely possible. Because numerous chromosomal ab-
normalities at a time are often expected, evaluation of all
chromosomal imbalances can be time-consuming and
costly.

To circumvent these problems, Kallioniemi et al. (1992)
established a hybridization approach known as CGH,
which relies on the use of genomic tumor DNA circum-
venting difficult cell culture and chromosome preparations
of tumor tissue. CGH is a potent and reliable hybridization
approach linking conventional cytogenetic and molecular
genetic techniques. It allows a comprehensive analysis of
the entire genome from tissue samples in just one experi-
ment, providing global information about chromosomal
imbalances and gene amplifications in the test genome
(Tönnies et al., 2001a, 2003b; Tönnies and Lage, 2004;
Fischer et al., 2004). In brief, CGH is based on the co-
hybridization of differentially labeled whole-genomic test
(tumor) and normal (control or reference) DNA in a ratio of
1:1 to normal control (sex-matched) metaphase spreads
(Fig. 14.8). Fluorochrome-labeled test and control DNA
probes compete for hybridization on the target chromo-
somes. Because of deviations in fluorescence ratios of test
DNA to control DNA, copy number changes cannot be
detected by visual inspection alone (Fig. 14.9A). Therefore,
software-assisted image capturing, karyotyping, and quan-
tification of fluorescence intensities over the entire length of
each chromosome are an integral part of this technique. The
end point of CGH analysis is a so-called copy number
karyotype displaying all chromosomal imbalances on a
conventional cytogenetic resolution level (approximately
5e10 Mb) (Fig. 14.9B).

To enhance the sensitivity and resolution of CGH,
Kirchhoff et al. (1998) reported on a high-resolution CGH
approach based on modified CGH software. These authors
applied standard reference intervals as detection criteria and
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detected deletions down to 3 Mb (Kirchhoff et al., 1999).
CGH-based investigations provide information not only on
the chromosomal assignment of a chromosomal imbalance
but also on chromosomal band-specific origin. This
approach allows DNA to be studied from any human
source, even if the cells are not viable (e.g., paraffin-
embedded tissue sections) or if the quantity of DNA is

limited (see Section 15.5.3). Commonly employed in tumor
genetics, a number of early reports describing prenatal and
postnatal cytogenetic cases are available in the literature
(Bryndorf et al., 1995; Levy et al., 1998; Tönnies et al.,
2001a,b,c; 2003a,c). Even in preimplantation genetic di-
agnostics, the first experimental results were reported in
2002, revealing chromosomal imbalances in blastomeres or

(A) (B)

(C)

FIGURE 14.7 High-resolution multicolor banding (MCB) for refined fluorescence in situ hybridization (FISH) analysis of human chromosomes on the
band and subband level. (A) MCB analysis showing a pericentric inversion (including the centromere) of chromosome 4. (B) MCB analysis of a ring
chromosome 5 and a derivative chromosome 5 induced by radiation of lymphocyte cultures. (C) Example of the use of human MCB probes for all
chromosomes simultaneously, permitting the straightforward characterization not only of intrachromosomal aberrations but also of interchromosomal
translocations. By using 138 microdissection-derived MCB probes, a resolution of 450 bands and more can be achieved, enabling high-resolution FISH
banding for the detection of complex chromosome rearrangements. Pictures courtesy of Thomas Liehr and Christian Johannes, Institute of Human
Genetics and Anthropology, Jena, Germany.
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FIGURE 14.8 Simplified flowchart summarizing the steps of comparative genomic hybridization (CGH) technique. Different-labeled control and test
DNAs extracted from tissue cultures, whole blood, or paraffin-embedded material are hybridized under suppression conditions (Cot-1 DNA) on normal
metaphase spreads. After image capturing and karyotyping of the metaphase chromosomes, fluorescence ratio profiles (quotient of test to control fluo-
rescence intensity) for each chromosome are calculated. Mean profiles are plotted against the length of each chromosome. The center line (black) in the
CGH profiles represents the balanced state of the chromosomal copy number (ratio 1.0). An upper threshold (green (dark gray in print versions)) is used to
define a gain of chromosomal material [ENH (enhanced)], and a lower threshold (red (gray in print versions)) is used to interpret a loss of chromosomal
material [DIM (diminished)]. CGH results are displayed in the so-called copy number karyotype.

FIGURE 14.9 Comparative genomic hybridization (CGH) of DNA extracted from ovarian cancer tissue. (A) Metaphase spread hybridized with normal
control DNA (red (gray in print versions)) and tumor DNA (green (dark gray in print versions)), and counterstained with 4,6-diamidino-2-phenylindole. A
high number of fluorescence ratio differences are visible by inspection by eye. (B) Copy number karyotype of the same CGH analysis. Nearly all
chromosomes are showing full (e.g., chromosome 7) or partial (e.g., chromosome 6) imbalances.
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polar body cells using the DNA of single cells (Malmgren
et al., 2002; Wells et al., 2002).

Nevertheless, by conventional CGH, the detection of
balanced chromosome aberrations such as reciprocal
translocations often found in liquid tumors (leukemias) is
not possible. Furthermore, using whole-genomic DNA,
information is restricted to the total amount of cells from
which the DNA is extracted. Therefore, if only a small
number of cells is affected by a chromosomal imbalance
(heterogeneity in tumors or clonal aberrations), it will be
missed as a result of contamination of the DNA with
normal cells. However, the analysis of single cells is
possible by upstream DNA amplification of single-cell
DNA, as was shown by Klein et al. (1999, 2002). The
most common method for DNA amplification is whole-
genome amplification either by multiple displacement
amplification or as PCR-based methods.

14.10 ARRAY-BASED TECHNIQUES
(MICROARRAY)

Molecular cytogenetic FISH technologies, as described in
this chapter, are based on the combination of molecular
genetic and cytogenetic techniques detecting complemen-
tary nucleic acid sequences in situ on metaphase chromo-
somes or in the cell nuclei. However, the resolution level
that is described for CGH as a genome-wide technique is
restricted to approximately 5e10 Mb. To be independent of
the need for high-quality metaphases and enhance the res-
olution of analyses, Solinas-Toldo et al. (1997) established
a matrix-based CGH array that substitutes normal meta-
phase chromosomes as hybridization targets by well-
defined genomic DNA fragments arrayed on a solid sup-
port, allowing automated analysis of genetic imbalances as
small deletions or gene amplifications (Pinkel et al., 1998;
Pollack et al., 1999; Fig. 14.10) (see Chapter 20). In 2001,
Snijders et al. established a microarray using 2400 BAC
inserts covering nearly the whole human genome to detect
gains and losses in diploid, polyploid, and heterogeneous
backgrounds. Veltman et al. (2002) described a DNA
microarray spotted with a set of 77 human chromosome-
specific subtelomeric probes as a target for array-based
CGH. The dynamic range of the signal ratios obtained by
these noncytogenetic assays is up to five times higher for
matrix CGH compared with conventional CGH, allowing
for better quantitative assessments of genetic imbalances
(Wessendorf et al., 2002). Amplifications and deletions of
small genomic regions not detectable by chromosome an-
alyses or chromosomal CGH can be recognized with high
resolution directly depending on the number of human
DNA fragments spotted on the chip. By the use of 3500
inserts, a resolution of 1 Mb can easily be obtained (Coe
et al., 2007). The robustness and simplicity of these

microarrays make them highly suited for routine diagnostic
use (Veltman, 2006; Vermeesch et al., 2007).

However, BAC inserts are typically large (80e200 kb),
and therefore single-copy number aberrations smaller than
50 kb are not detectable with certainty. Shorter targets in
higher numbers can be achieved by using oligonucleotides
as targets (25e80 bp). Oligonucleotides synthesized
directly onto the matrix offer the possibility of hybridizing
on thousands of targets, depending on the company from
which the array is ordered. Next-generation oligonucleotide
arrays have up to millions of targets. Using custom-
designed oligonucleotide arrays, almost nucleotide-level
resolution can be achieved by synthesizing overlapping
oligonucleotides with single-bp shifts. In 2010, Conrad
et al. described the implementation of a 20ehigh-resolution
oligonucleotide array carrying 42 million probes in total

DNA clones Test-DNA Control-DNA

Labeling of DNAs

Cot-1
DNA

Printed CGH chip

ENH

DIM

Hybridized DNA chip

FIGURE 14.10 Schematic illustration of the matrix-comparative
genomic hybridization (CGH) procedure. Cloned DNAs reflecting the
human genome or their parts are printed on a CGH microarray and serve as
a target for labeled control and test DNAs. After hybridization, the
resulting relative fluorescence intensities are measured by computer-
supported scanning. DNA loss in the test DNA results in red spots, and
gain results in green spots. Cot-1, unlabeled competitor; DIM, diminished;
ENH, enhanced.
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and giving a median probe spacing of 56 bp across the
entire genome.

Other platforms have been constructed initially for
single-nucleotide polymorphism (SNP) studies. SNP ar-
rays have been developed with 20 matched and mis-
matched probe pairs for each SNP allele. Hybridizations
of test DNA with reduced complexity resulting from re-
striction enzyme digestion and adapter-ligation PCR are
performed. SNP arrays make it possible to obtain an
overview of chromosomal imbalances as well as copy
numbereneutral events such as loss of heterozygosity and
uniparental disomies (UPD). The signal intensities of the
matched probes are compared with in silico data sets. A
500-kb GeneChip shows a median spacing of 2.5 kb.
Other arrays using 50-bp oligonucleotides are based on
650,000 different oligonucleotides with a median spacing
of 2 kb. However, the targets of SNP arrays are not uni-
formly distributed across the genome compared with
commercial oligonucleotide CGH arrays. The choice of
platform depends on the purpose of the analysis. If small
imbalances are sought, array CGH would probably be the
best option. However, in cancer genetics, SNP arrays that
also detected UPD may be the best platform. Some
companies offer hybrid arrays combining the advantages
of CGH and SNP arrays.

To detect a monogenic disorder in question and inves-
tigate the chromosomal complement [e.g., of an embryo in
preimplantation genetic diagnosis (PGD)], “karyomap-
ping,” which was introduced in 2010 by Handyside et al.,
facilitates diagnostics at the single-cell level without prior
patient- or disease-specific test development. This innova-
tive approach combines monogenic disorder detection with
high-resolution chromosome analysis in a single approach.
In cases of PGD in which one parent is a carrier of a
balanced reciprocal translocation, karyomapping is able to
distinguish balanced and unbalanced embryos by identi-
fying the parental haplotypes across the breakpoints.

14.11 CONCLUSIONS AND FUTURE
PERSPECTIVES

Conventional and molecular cytogenetic approaches are
important to characterize chromosomal aberrations deeply,
and can distinguish between a simple gain or loss of genetic
material and more complex aberrations such as insertions
and cryptic abnormalities. Cytogenetic knowledge based on
chromosomes and their parts has an important impact on
genetic counseling and further clinical management.
Therefore, both conventional and molecular cytogenetics
serve important functions in modern medical diagnostics.
Advances such as improved hybridization protocols and
strategies, novel commercial and noncommercial probe
sets, and hardware development such as image analysis
software and specific filter sets for newly established
fluorochromes facilitate the collection of new and important

data for the understanding and diagnosis of genetic
diseases.

More than a decade ago, genome-wide array techniques
emerged that provided an opportunity to investigate the
nuclear genome with high resolution in one experiment.
These techniques allowed the identification of many new
syndromes. Initially extremely expensive, this technique
has increasingly replaced other (molecular) cytogenetic
approaches because of its cost-effectiveness and wider
acceptability. Directly transmitted imbalanced euchromatic
variants without phenotypic effects have been detected by
conventional cytogenetics and molecular cytogenetic
methods for several years (Barber, 2005). Using high-
resolution array platforms, a significant fraction of the
genome has been identified to vary in copy number among
apparently healthy individuals (Sebat et al., 2004; Iafrate
et al., 2004; Redon et al., 2006). Current and near future
challenges are to interpret these imbalances with caution,
using several approaches including parental genotype,
verification methods (mostly molecular cytogenetic
methods or PCR-based technique), and last but not least,
the patients’ phenotype. Furthermore, one has to consider
that a chromosomal abnormality may also be clinically
significant even though it has been inherited from a healthy
parent, because more complex mechanisms such as
phenotypic variation, incomplete penetrance, imprinting,
position effect, or even point mutation of a recessive gene
may be involved. The amount of data mined today by
different high-resolution molecular cytogenetic techniques
requires a close interaction among the clinician, the genetic
counselor, and last but not least, the molecular cytogenet-
icist using this palette of techniques. The main challenge
for a molecular cytogenetic laboratory leader is to choose
the best type of approach that is most useful and informa-
tive for the particular case in question. The identified ge-
netic test might not be the newest or most “colorful” one.
Sometimes, a black-and-white karyotype may be enough to
detect the disease in question.

The introduction of next-generation sequencing tech-
nologies in routine diagnostics has resulted in an explosion
of individual genomic information. The challenge is no
longer the generation of data itself, but its correct inter-
pretation. When exploring a higher number of genetic
variants owing to the higher resolution of the technique that
is used, there is always the higher chance of detecting
unsolicited or secondary findings (Rigter et al., 2013).
Before the advent of NGS, (molecular-) cytogenetic tech-
nologies existed with a low (targeted approaches) but sig-
nificant chance (genome-wide analyses) of unsolicited
findings (e.g., balanced chromosomal translocation). In
modern molecular diagnostics, the main challenge is to
generate a comprehensive analysis of an individual’s
genome in question and to limit possible unsolicited
findings coming up with the approach in question
(Botkin et al., 2015).
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Over the past decades, molecular cytogenetics did not
replace conventional cytogenetics in daily diagnostics;
genome-wide microarray-based techniques (today, often a
first-line diagnostic test in individuals with mental retar-
dation) and high-resolution NGS are also not expected to
replace (molecular) cytogenetics in routine (personalized)
diagnostics. This palette of diagnostic techniques and ap-
plications currently available in routine genetic diagnostics
is an indispensable tool for the individualized and respon-
sible diagnosis of genetic diseases.

GLOSSARY

Aneuploidy A chromosome number that is not an exact multiple of
the haploid chromosome number for a cell or organism. The
irregular, aneuploid number of chromosomes or chromosomal
regions can be higher or lower compared with the wild-type
situation.

Centromere The constricted region of the chromosome where the sister
chromatids are joined. For chromosome movement during mitosis
and meiosis, the centromere is associated with spindle fibers.

Comparative genomic hybridization (CGH) Molecular cytogenetic
whole-genome scanning technique based on the co-hybridization
of labeled test and control DNA to normal metaphase spreads
followed by the computer-assisted quantification of fluorescence
intensities over the entire length of each chromosome resulting in
a “copy number karyotype” reflecting chromosomal imbalances.

Fluorescence in situ hybridization (FISH) Molecular cytogenetic
approach based on the duplex formation of complementary,
single-stranded, and fluorescence labeled nucleic acid probes with
target material (interphase cell and metaphase spread) allowing
the exploration of the presence, number, and distinct location of
genetic material in situ.

Hybridization Base pairing of complementary, single-stranded
nucleic acids (DNA and RNA).

Interphase Any phase of the cell cycle between nuclear division
other than mitosis (G1 phase, S phase, and G2 phase).

Metaphase The stage of nuclear division in the cell cycle in which
highly condensed chromosomes are arranged in a plane between
the two poles of the dividing cell. The condensed chromosomes of
this phase are routinely used to identify chromosome aberrations.

Molecular cytogenetics Application of molecular biology techniques
to cytogenetic preparations as metaphase spreads and interphase
nuclei to identify chromosome abnormalities and RNA
expression.

Mosaicism The presence of two or more genetically different cell
populations in one organism.

Telomere Specialized DNA structure [(TTAGGG)n] capping the end
of a chromosome involved in replication and stability of linear
DNA molecules.

Translocation Interchange of parts of chromosomes after breakage
and attachment to a different nonhomologous chromosome.
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Chapter 15

Cytogenomics of Solid Tumors by
Next-Generation Sequencing: A
Clinical Perspective

D. Sie, E. Sistermans, D. Heideman and B. Ylstra
VU University Medical Center, Amsterdam, The Netherlands

15.1 A TUMOR PRESENTS

When a patient presents with symptoms of cancer, there is
an immediate need for a proper diagnosis: “Do I indeed
have a cancer?” And if it is indeed a tumor, the next
questions are about consequence: “Is the tumor benign or
malignant? Is it curable, or how long will I live? What are
my treatment options? And how will all this affect the
quality of my life and my loved ones?” To come to such a
diagnosis, a stepwise process is undertaken that may
require invasive diagnostic techniques in which a tissue
biopsy is obtained. An essential step in this process is the
pathologic review of the tumor material.

If the diagnosis points to a malignant tumor, the treating
physician is generally joined by a multidisciplinary team, a
so-called a “tumor board,” to discuss treatment options. In
The Netherlands the treating physician is frequently a
medical oncologist or, depending on the type of tumor, a
neuro-oncologist, dermatologist, pulmonologist, hematolo-
gist, pediatrician, or gynecologist. On the tumor board,
surgeons and radiologists provide information about the
anatomic localization and metabolic activity whereas the
pathologist classically provides information about the
macroscopic and microscopic appearance of the tissue and
morphology of cell and nuclear structures as well as their
(immuno)histopathologic makeup. For the treatment of
cancer, surgery still provides one of the most common and
adequate remedies. Drugs, like chemotherapy or targeted
therapy, also form an important component of the treatment
palette, which is frequently supported by radiology and/or
immunology. The physical strength of the patient, as
judged by the treating physician, is another important

consideration that the board will take into account when
formulating treatment options, because most cancer thera-
pies are physically taxing. Advised by the treating physi-
cian, the patient ultimately decides which treatment option
to select, considering the chances of successful cancer
remission and the impact on the quality of life.

Apart from targeted mutation analysis by polymerase
chain reaction (PCR), fluorescent in situ hybridization
(FISH), and immunohistochemistry, the complete molecu-
lar genomic information of a tumor remains largely un-
disclosed to tumor boards. Considering that cancer is a
disease of the genome (Hanahan and Weinberg, 2011), this
molecular information is critical for an understanding of the
etiology and vulnerabilities of cancer.

Important developments in molecular cytogenetic
techniques have brought about improvements in cost-
effectiveness, speed, accuracy, specificity, and sensitivity.
The most notable developments are the increases in DNA
sequencing speed, cost, and throughput through the intro-
duction of next-generation sequencing (NGS). These de-
velopments will soon allow routine laboratories to
sequence a genome for less than $1000 (Muir et al., 2016).
Cancer genomes are sequenced with increased fidelity,
resolution, and detail. As a consequence, an increasing
number of molecular biomarkers are being discovered and
validated. Another consequence is that existing markers for
one (sub)type of cancer can be found that is applicable to
alternative cancer types, which is made possible through
the introduction of basket and umbrella trials (Hyman et al.,
2015). Translation of these biomarkers into daily clinical
practice requires the adoption of NGS techniques into
routine diagnostics, which will have to accompany a
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transition in expertise in cytogenetic and molecular labo-
ratories. The ultimate goal is to provide an increasingly
comprehensive personalized diagnosis for all cancer pa-
tients by providing tumor boards with a complete
molecular-cytogenomic picture of the tumors.

15.2 FROM MICROSCOPIC
EXAMINATION TO MOLECULAR
CYTOGENOMICS

For both cellular and molecular pathology, tumor tissue is
obtained by cytology, needle biopsy, or surgical resection
and is transported to the pathology laboratories. The tumor
is examined macroscopically, dissected, and routinely fixed
in formalin. Formalin fixation followed by paraffin
embedding (FFPE) of tumor specimens has an advantage in
that it can be stored at room temperature for extended pe-
riods while stably preserving the (intra)cellular histology of
the tumor. Alternative fixation procedures, also geared to
maintain tissue and cellular and nuclear structures, include
formic acid and flash freezing in liquid nitrogen. Sections
are made from the fixated material to perform chemical or
immunohistochemical staining, followed by histopatho-
logic diagnostics of the tumor tissue by microscopy.
Various cytogenetic and molecular techniques have been
developed that can make use of these same biosource
specimens (Hastings et al., 2015). Storage of FFPE samples
has led to the accumulation of decades’ worth of patient
materials. Much of these archive contents are accompanied
by patients’ history describing the treatment and disease
course, and thereby serve as an invaluable resource for
retrospective biomarker research (Blow, 2007; Scheinin
et al., 2014). All projects investigating cancers, and
particularly those with long survival, benefit from long-
term clinical follow-up. For example, some patients with
diffuse low-grade glioma can survive more than 25 years,
and access to a large series of FFPE archival material was
critical for us to learn that distal 10q deletion is significantly
less common in tumors of these long-term survivors (Van
Thuijl et al., 2014). We are fortunate in The Netherlands
because studies with a large series of retrospective samples
are facilitated through a nationwide pathology registry
called PALGA (Casparie et al., 2007).

Besides long-term storage, a great advantage of FFPE is that
the areas of tumor tissue can be marked by a pathologist and
scraped away in a straightforward manner from normal cells
before DNA isolation (Van Essen and Ylstra, 2012). However,
the use of FFPE tumor specimens for molecular analysis also
has drawbacks. Formalin fixation fixes all proteins in their po-
sition, which is perfect for morphology and immunohisto-
chemistry, but DNA is damaged in the process. DNA derived
from FFPE specimens is (1) damaged by nicks and gaps; (2)
modified by the deaminationehydrolysis reaction of a cytosine

into an uracil; (3) fragmented into small pieces; and (4) cross-
linked, which limits the accessibility of the DNA in down-
stream analysis. RNA structures are similarly affected by the
fixation process, and because of the unstable nature of
messenger RNA (mRNA), its integrity can be heavily
compromised ex vivo before formalin fixation. Furthermore,
formalin fixation is detrimental for proteomics analysis.

Acquisition of the tissue material in itself also presents a
number of challenges for cytogenomic diagnostics. Vital
parts of the body, such as the brain, require a conservative
resection strategy to obtain tissue material. Frequently only
needle biopsies are taken that will have to suffice both
histopathologic and molecular diagnostic procedures. This
results in variable and often limited amounts of tissue
material for DNA isolations. The tumor tissue material is
frequently a heterogeneous mix of genetically distinct tu-
mor cells with admixed normal cells, which makes down-
stream NGS data analysis all the more difficult. Even these
dedicated data analysis approaches face limitations,
because local sampling can cause specific tumor clones to
be absent from the biopsy altogether. Once the tissue
sample is collected, standardization and automation are not
straightforward, particularly because pathology review
before DNA or RNA isolation is crucial (Van Essen and
Ylstra, 2012).

Despite these challenges, several molecular assays have
been implemented successfully in clinical practice. Tech-
niques such as the PCR, FISH, comparative genome hybrid-
ization (CGH), and array CGH assays (Ylstra et al., 2006;
Hastings et al., 2015) have been implemented in the clinic
through validation of the molecular procedures and meticu-
lous description of analysis workflows in standard operating
procedures. NGS has also made an entrance into cancer di-
agnostics; particularly for the analysis of smaller gene panels,
most pathology laboratories in The Netherlands are up to
speed (Sie et al., 2014; Boleij et al., 2015).

15.3 THE PROMISE OF LIQUID BIOPSY
FOR CANCER DIAGNOSTICS

In hereditary genome diagnostics, blood has traditionally
been the main source for DNA isolation and molecular
assays. Acquisition of blood is highly standardized and
uniform; it delivers a homogeneous and stable source for
nucleic acid extraction. The use of robotics alleviates the
manual workload while it increases the reproducibility and
throughput of sample processing.

The liquid biopsy also holds great promise for cancer di-
agnostics. We anticipate liquid biopsy in cancer population
screening, early detection, monitoring, and therapy selection.
Apart from overcoming the limitations associated with tissue
biopsies, liquid biopsy could offer solutions to the heteroge-
neity issue. Current assays with single molecular markers set a

274 Molecular Diagnostics



precedent for the success of liquid biopsies in cancer di-
agnostics. Examples are the human papillomavirus test for
cervical cancer (Schiffman et al., 2011), the prostate-specific
antigen test for prostate cancer, and the fecal occult blood
test for colorectal cancer screening.

In many academic hospitals, hereditary genome di-
agnostics has set the stage for liquid biopsies with the
introduction of noninvasive prenatal testing (NIPT) by
NGS (Tamminga et al., 2016). To perform NIPT, DNA is
extracted from maternal blood, which includes a small
fraction of fetal DNA. Subsequently, copy number NGS is
performed to determine aneuploidy in minute amounts of
fetal DNA (Straver et al., 2014). Diagnostic screens for
cancer may strongly resemble the NIPT procedure. In fact,
during a routine NIPT procedure, researchers at the hospital
in Leuven (Belgium) incidentally observed genomic aber-
rations known to occur in Hodgkin lymphoma and were
able to confirm an early stage of the disease in the patient
(Amant et al., 2015). Given proper patient consent, NIPT
thus has the potential to be used for early detection or even
population screening of cancer.

There is currently no general consensus as to which
liquid biopsy, method, or biomolecule is most informative
for cancer diagnostics. This will depend on the cancer type
and diagnostic goal, such that alternate liquid sources and
analytical methods will be applicable. Existing tumor tissue
biomarkers may be retrieved from liquid biosources such as
cell-free DNA, which is shed by the tumor in the blood
circulation. Alternatively, surrogate signatures for tumor
tissue biomarkers may be obtained from mRNA, that is,
extracted from blood platelets, as we demonstrated at the
Cancer Center Amsterdam (Best et al., 2015). Besides
blood as a source for liquid biopsy, other bodily fluids are
under investigation as a source for cancer screening and
monitoring, including sputum, urine, cerebrospinal fluid,
cervical, anal, penile, and oral swabs. The primary chal-
lenge for the clinical implementation of liquid biopsy di-
agnostics is, of course, the sensitivity of the DNA test. NGS
along with novel PCR techniques such as droplet digital
PCR currently offers the highest sensitivity to detect mu-
tations and aberrations. DNA remnants can be limited in the
various liquid biopsies, and hence a crucial step in the
process is to enrich for circulating tumor DNA and keep the
background of nonaberrant signal low. Besides these lab-
oratory challenges, special bioinformatics procedures will
have to be adopted to allow the introduction of liquid bi-
opsy cancer cytogenomics into clinical diagnostic practice.

15.4 CYTOGENOMIC APPLICATIONS

15.4.1 Chromosomal Aberrations

In cancer research, we use copy number profiling to assess
prognostic and predictive biomarkers in various tumor

types including colon, low-grade glioma, and head and
neck tumors (Van Thuijl et al., 2014; Haan et al., 2014;
Smeets et al., 2009). A routine diagnostic application in our
clinic is the assessment of the clonal relationship among
multiple tumors from a single patient. The assay determines
whether multiple tumors can be regarded as independent
tumors or a single primary tumor with metastasis. The
clonal relationship can be interpreted in an automated
fashion by calculating a likelihood ratio to distinguish tu-
mor pairs (Ostrovnaya et al., 2010). In our daily practice,
we complement this procedure by calculating a correlation
of aberrant segment values (Fig. 15.1), which has brought
valuable insights to the clinic for effective cancer treatment
(Kuiper et al., 2015). Copy number aberrations are classi-
cally investigated by FISH, karyotyping of condensed
chromosomal structures, CGH, and later, array CGH
(Ylstra et al., 2006). It is a time-consuming and expensive
undertaking to design probes for the FISH and CGH
techniques and requires prior knowledge about the genomic
sequences of interest. Whole-genome sequencing (WGS)
offers an unbiased approach because the complete DNA
content of the acquired nuclei is simply read out by NGS.
An equivalent resolution to microarrays (180,000 features)
can be achieved with a limited amount of data in which
only a tenth of the (human) genome (0.1� coverage) is
actually sequenced. This low-pass or shallow-WGS
(sWGS) allows for cheap and efficient copy number
profiling, even when using DNA isolated from FFPE tissue
material (Scheinin et al., 2014). The general approach in-
volves dividing the human reference genome into
nonoverlapping fixed-size bins. After mapping the reads to
the reference genome, the raw read count is determined by
the number of mappings contained in each bin. After
guanine-cytosine content and “mappability” correction,
filtering, segmentation, and calling, this read count reflects
an accurate copy number state of the analyzed sample.

15.4.2 Actionable Hot-Spot Gene Panel

Investigation of predictive biomarkers to assess tumor
susceptibility to targeted therapies can use a focused
approach by considering only a limited set of relevant
genes to assay. For instance, patients with melanoma are
tested for the BRAF p.Val600Glu mutation. Th presence of
BRAF p.Val600Glu indicates a susceptibility to vemur-
afenib, an enzyme inhibitor that acts on the BRAF/MEK/
ERK pathway to cause programmed cell death in late-stage
melanoma (Bollag et al., 2012). Besides BRAF there are
currently around 50 other so-called “actionable” genes.
Instead of targeting all exons of these genes, a “hot-spot”
approach can be implemented to target, for example, only
around 250 of the commonly mutated loci with known
clinical relevance. Currently, the turnaround time from
sample to “hot-spot” result is 1 week in our clinical practice
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(Sie et al., 2014); however, there is a demand for even
shorter turnaround times. Furthermore, we are dealing with
FFPE specimens and the amount of tumor tissue is often
limited, particularly for lung biopsies. Depending on the
protocol used, the minimal required DNA to perform the
assays ranges from 10 to 150 ng. High-level amplifica-
tions, such as the actionable ERBB2 gene, can also be
detected simultaneously with these panels (Hastings et al.,
2015; Uzilov et al., 2016) by calculating deviations from
the amplicon depth of coverage over a set of control sam-
ples (Hoogstraat et al., 2015).

15.4.3 Exome-Wide Mutation Analysis

In The Netherlands, only academic hospitals are allowed
to perform hereditary genome diagnostics. To investigate
the genetic cause of a congenital disease or cancer pre-
disposition, whole-exome sequencing (WES) can be
used. Currently, this is the most data-intensive and
demanding assay used in routine clinical practice at the
VU University Medical Center in Amsterdam. If there is
only a single affected patient in the family, the preferred
approach is to sequence the family trio: the mother, fa-
ther, and affected child. The amount of data per casus can
add up to 100 GB of data and the analysis can take days
to process computationally, which makes the use of high

performance clustered computing preferable. Clinical
geneticists are tasked with the annotation, review, and
interpretation of the reported variants, taking into ac-
count inheritance models to find the causal variant.
Whereas WES is primarily designed for qualitative
analysis of point mutations, it can also be used in a
quantitative way, in which the copy number state of
genomic regions is calculated based on the abundance of
the enriched molecules of DNA. The abundance is rep-
resented by the number of reads that align to the genomic
regions and needs to be corrected for variable enrichment
efficiency (Magi et al., 2013). Not only high-level am-
plifications but also single copy number gains and losses
may be detected, which are important for neuroblastomas
or diffuse low-grade gliomas, for example (Hastings
et al., 2015). Alternatively, an abundance of reads for
genomic regions can also be calculated by taking into
account “off-target reads” (Kuilman et al., 2015), which
are essentially background signal and a product of the
inefficiency of the enrichment protocol. The sWGS
procedure described earlier is a more robust alternative.
It requires a separate sequence run with a small aliquot of
the intermediate sequence library obtained before the
WES enrichment protocol. Because the sequence depth is
limited for sWGS, additional costs are marginal (Schei-
nin et al., 2014).

a.

b.

c.
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Patient X.
SequencingPathology

Data processing Resection 2015
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g. Clonal

Not clonal

FIGURE 15.1 Workflow of clonality test. The primary resected tumor from the lung (2010) is compared with a secondary resected tumor from the lung
(2015). Tissue is formalin-fixed and embedded in paraffin (A, B). Sections are cut (10 mm) and stained with hematoxylineeosin (C) followed by
demarcation of tumor tissue (D). DNA is isolated from cells scraped from the marked region (D). The isolated DNA is randomly fragmented (E) and
sequencing adapters are ligated for compatibility with sequencing technology (F). The resulting sequencing data are processed by quantitative DNA
sequencing to produce a genome-wide copy number profile. Log likelihoods and correlation of segments is calculated to determine the clonality score of
the two samples. The clonality score is located in the lower left quadrant, which indicates the samples have no clonal relationship (H).
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15.4.4 Translocation Detection

The financial and practical feasibility of using deep WGS
(>30� coverage) in a diagnostic setting is currently being
evaluated in hereditary clinical genetics laboratories. WGS
will consider up to 95% of the genome, in which WES
considers up to 2%, and also reveal translocations in
addition to copy number and mutations, and hence make
the cytogenomic picture complete. Not only for hemato-
logic malignancies but also for an array of solid tumors,
translocations have important therapeutic consequences.
For example, lung cancers that carry the echinoderm
microtubule-associated protein-like 4eanaplastic lym-
phoma kinase translocation are directly susceptible to the
inhibitor crizotinib (Kwak et al., 2010). Translocations are
currently assayed in an elective fashion using immunohis-
tochemistry, FISH, and/or PCR techniques (Hastings et al.,
2015). These techniques have serious drawbacks and
experience sensitivity, particularly because the exact
translocation site may vary among tumors, and genes may
have different translocation partners. WGS is an alternative
but it is not yet within reach of the cancer cytogenomic
clinic. Therefore, we and others have made efforts to target
translocation NGS. The most attractive solutions would be
those that include enrichment through hybrid selection
panels such as WES. The BreaKmer procedure (Abo et al.,
2015) makes use of WES data and would allow combina-
tion with such a mutation and copy number detection
approach. Enrichment probes capture DNA molecules near
a translocation site with sequence overhang into the trans-
location site, detected by the BreaKmer algorithm. An
alternative approach to translocation detection is targeted
locus amplification (de Vree et al., 2014). Although it is
translocation partner independent, this technique is much
less demanding with regard to the exact translocation site,
which may be up to 1 Mb away from the probes designed.
Yet, other than the BreaKmer, this procedure is not yet
applicable to DNA isolated from FFPE.

15.5 IMPLEMENTATION OF
CYTOGENOMICS IN THE CLINIC

The quality of a molecular-cytogenetic diagnostic assay is
crucial to determine treatment options for patients. Predictive
biomarkers are being assayed electively to reveal the suscepti-
bility of a tumor to a particular cytotoxin or targeted therapy.
Suboptimal results can lead to the selection of an inefficient
therapy ormay even have a detrimental effect on thewell-being
and survival of the patient. Prognostic biomarkers are being
assayed to predict the (progression-free) survival of the patient
and form an important determinant for treatment selection. For
example, an 80-year-old patient can choose not to have a tumor
treated that is predicted to remain indolent for several years,

whereas a 20-year-old patient would be much more likely to
select (taxing) treatment when faced with a similar prognosis.

When it comes to the introduction of cytogenomic as-
says into the clinic, the hereditary genome diagnostic lab-
oratories in The Netherlands have experienced a number of
development cycles of novel molecular techniques that are
adopted and adapted from research to a clinical application.
Diagnostic laboratories, however, adhere to a different set
of requirements to warrant the quality, validity, reliability,
and reproducibility of molecular assays. The molecular
technique needs refinement and standardization to comply
with diagnostic standards before it can be used in routine
diagnostics (Weiss et al., 2013). Clinical molecular spe-
cialists in hereditary genome diagnostics or molecular pa-
thology are tasked to interpret the molecular data and report
the clinically relevant information back to the treating
physician or tumor board. At the same time, they need to be
aware of the latest developments in molecular biology
technique and have an overview of the existing needs in the
clinic, which are essential to continue innovation. The
clinical molecular specialist will also need a level of un-
derstanding of bioinformatics and information technology
(IT) infrastructure issues as data analysis and interpretation
become increasingly complicated.

15.6 BIOINFORMATICS AND DATA
ANALYSIS

The growing amount of data brought by NGS will make
research and clinical applications increasingly reliant on a
robust IT infrastructure and organization. Current academic
hospital IT organizations are mainly geared toward sup-
porting office applications and delivering robust informa-
tion systems to manage the flow of patient information
securely. However, often these organizations lack the
ability to respond quickly to developments in the research
setting and they often lack generic high-performance
computing systems for researchers to process their data.
In addition, the large differences in business culture be-
tween hospital and research are often a source of frustration
and miscommunication. It is difficult for a single person to
oversee all of these disciplines; therefore, a specialized
team is required to bridge the gap in the genomics era
between an ever-changing research environment, fast-paced
genome diagnostics, and a generic hospital IT setting.

Most peripheral pathology laboratories in The Netherlands
currently do not have sufficient IT resources to handle the large
data flow generated by NGS. Such laboratories depend on
turnkey solutions provided by commercial companies such as
Sofia Genetics, CLC Bio, DNA star, J.S.I. Medical Systems
GmbH, or DNAnexus. These companies provide software to
analyze small-scale sequencing applications that focus on a

Cytogenomics of Solid Tumors by Next-Generation Sequencing: A Clinical Perspective Chapter | 15 277



limited set of loci such as hot-spot panels or gene panels. A
graphical user interface is provided to allow laboratory techni-
cians and specialists to analyze and interpret the data. The in-
vestment required to acquire a commercial product is relatively
small and alleviates the need for compute and storage infra-
structure. Commercial companies provide an attractive and
efficient means of adopting well-established analysis work-
flows in the clinic but are limited in their ability to co-develop
new analysis workflows coming from research laboratories.
Most of these software packages are locally installed tools and
lack the ability to scale up resources when the need arises.
Cartagenia, DNAnexus, and Sofia Genetics have solved this
issue by providing their software as a service and use the scaling
capabilities of public cloud computing providers to provide the
required resources.However, thismakes compliancy to security
and privacy regulations a must because patient data are housed
outside hospital networks.

15.7 CONCLUDING REMARKS

Although clinical genetics and molecular pathology are
distinctly different disciplines, their common interest in
cytogenomics calls for extensive collaborations. The labora-
tory of tumor genetics at the Radboud University Medical
Center Nijmegen in The Netherlands has pioneered such a
collaboration. They focus on germline mutations to determine
the predisposition to cancer as well as on acquired somatic
mutations to determine prognostic and/or predictive outcomes
to treatment regimens. Their success has inspired us as well as
many other academic hospitals in The Netherlands to follow
in their footsteps. These efforts allow for efficient exploitation
and the shared use of laboratory equipment and computing
and storage infrastructure by both diagnostic and research
applications for multiple departments. Moreover, co-location
of NGS and bioinformatics on the one hand and research
and diagnostic expertise on the other strengthen collaboration
and shortens the development cycle.

A challenge that collides with the new demands of cyto-
genomic diagnostics is the current economic climate. In The
Netherlands health care providers are encouraged to adopt a
commercial and competitive model that makes them inde-
pendent of government financial support. In many cases this
leads to a lack of high-risk investment such as the acquisition
of cutting-edge technology and IT infrastructure. This has a
negative effect on the development cycle from research to
clinical application. Nevertheless, cancer cytogenomics is a
moving train on a track paved by hereditary cytogenomics.
With the $1000 genome within reach, the penetrance of
cancer NGS in daily clinical routine will only increase.
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16.1 INTRODUCTION

Adverse drug effects/reactions (ADRs) account for
approximately 100,000 deaths per year in the United
States (Lazarou et al., 1998). It is the hope of many that
the advent of precision medicine will radically minimize
ADRs as well as therapeutic failures. Tremendous ad-
vances have been made in molecular biology, molecular
genetics and genomics, and in the development and
refinement of associated methods and technologies that
exhibit a major impact on the understanding of drug action
and other biologically active xenobiotics. Today, it is well
established that genetic variability affects drug response
and efficacy (Vesell and Page, 1968a,b). Upon the
completion of the Human Genome Project (Venter et al.,
2001) and alongside big data readily available online
(Marsh et al., 2002), the promise of precision medicine
looms large. However, its translation into clinical appli-
cations has been more challenging, taking into account the
complexity of both disease (disease heterogeneity, i.e.,
several phenotypes in a single disease) and genetic
involvement (several genes contributing to a single
phenotype) as well as the difficulty in prospective vali-
dation of pharmacogenomic markers in controlled trials.

In pharmacogenomics, most research focuses on the ef-
fect of polymorphisms (changes in the genetic code that
occur in at least 1% of the population) on a given drug
response. A polymorphism may be a single nucleotide
change in the DNA sequence, known as a single nucleotide
polymorphism (SNP), an insertion or deletion of nucleotides,
or a change in the number of gene copies, also known as
copy number variation (see also Chapter 6). Complexity
increases radically, as functional variations can be found in
any area of the gene, including exons, introns, untranslated

regions, upstream of the transcriptional start site, and
sometimes in nearby genes (Brenner and Duggan, 2004).

This chapter aims to provide necessary information
about how the discipline of genetics and genomics can
influence drug discovery and development and more
broadly the practice of health care. Particular emphasis will
be placed on examining the role of pharmacogenomics and
pharmacogenomics with regard to common complex dis-
eases. Readers will find this chapter to be a useful source
for standard definitions for some of the terms that are in
wide use today, almost always sorely missing from both
academic and public policy-related documents on the topic.
We will also describe in detail the use of pharmacoge-
nomics in current clinical care, the ethical and legal im-
plications of pharmacogenomics, new omics strategies
(such as pharmacometabolomics-aided pharmacogenomics
and whole genome sequencing), and population pharma-
cogenomics. Finally, we will provide an overview of
publicly available web-based genetic resources.

16.2 PHARMACOGENETICS VERSUS
PHARMACOGENOMICS

Interindividual variability in drug response has ignited
pharmacogenetic research (Vogel, 1959). Current drug
development practices consider a relatively homogeneous
group (i.e., all hypertensive subjects will respond similarly
to the same medication) as the origin of patient populations,
whereas specific studies are conducted when differences in
drug response are anticipated, as in the case of organ
(kidney and liver) impairment. Nevertheless, genetic vari-
ation may contribute an additional amount of variability to
drug response (Fig. 16.1). So while drugs in Europe and the
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United States are usually tested in Caucasian patients with
defined disease states, medication doses are marketed for
all patients, without distinction of their geographical origin
and/or considering the heterogeneity of certain diseases.
Thus the contribution of genetics to the variability in drug
response is what the field of pharmacogenetics and phar-
macogenomics aims to answer.

The term “pharmacogenetics” was first coined by Vogel
in 1959 to describe the inheritance of an aberrant drug
metabolism. Pharmacogenetics has since been defined as
the study of the variation in drug response as it relates to an
individual’s genetic makeup. Pharmacogenomics usually
refers to a broader use of genome-wide association studies
(GWAS) and potential complex interactions as well as
alteration in gene expression that correlates to drug
response. Both sciences deal with the germline heritable
effects of the patient’s genetic variation on drug response,
and their goals are overlapping.

16.3 HISTORY OF
PHARMACOGENOMICS

Prior to the discovery of DNA and the effect of genetic
polymorphisms, scientists made observations on the het-
erogeneous nature of human drug response. Garrod (1931)
defined “human biochemical individuality.” His foresight
into the tenants on pharmacogenomics can be seen in the
following passage: “Even against chemical poisons taken

by mouth, or by other channels, there are some means of
defense. Every active drug is a poison, when taken in large
enough doses; and in some subjects a dose which is
innocuous to the majority of people has toxic effects,
whereas others show exceptional tolerance to the same
drug” (Garrod, 1931; Snyder et al., 1949). In 1932, the first
large-scale study testing the ability of family members to
taste phenylthiocarbamide was conducted and showed a
clear autosomal recessive inheritance to what was then
called “taste blindness” (Fox, 1932). This was also the first
study to show an interethnic difference in the frequency of
this phenotype. In the 1950s, various case studies supported
the role of genetic variation in drug metabolism and
response, such as variation in isoniazid acetylation (Hughes
et al., 1954) and decreased cholinesterase activity in the
action of succinylcholine (Kalow and Staron, 1957). These
case studies are considered paradigms of the real possibility
of pharmacologically heritable differences that may be
clinically important.

In the paper by Arno Motulsky entitled “Drug reactions,
enzymes and biochemical genetics” in 1957, the author
outlined the genetic basis for adverse reactions to pri-
miquine and succinylcholine as well as barbiturate-
precipitated attacks and hereditary hyperbilirubinemia.
Even with these landmark studies and papers, the most
well-known drug-metabolizing defect discovered to affect
drug metabolism was found by Matsunaga et al. (1989); the
poor debrisoquine metabolizer phenotype found in 8% of
Caucasian livers was attributed to a deficiency in CYP2D6,
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FIGURE 16.1 Graphical representation of variable drug responses. Drug metabolism normally lies within a narrow therapeutic range [depicted in
green (dark gray in print versions)]. Ultra-rapid drug metabolism [depicted in blue (light gray in print versions)] results in a lack of drug efficacy, while
slow drug metabolism [depicted in red (gray in print versions)] results in drug toxicity. The differences between slow and ultra-rapid metabolism have a
strong genetic component, while other environmental factors also contribute to the overall differences in drug metabolism.
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found independently by two groups. In London, Dr. Robert
Smith and some of his coworkers ingested 32 mg of
debrisoquine (an obsolete antihypertensive drug); Dr.
Smith experienced prolonged orthostatic hypotension hours
after the dose (Smith, 1986). This effect was not seen in his
coworkers. A subsequent study in medical students and
three families solidified the “poor” and “extensive”
metabolizer phenotype (Mahgoub et al., 1977). During this
same time, Michael Eichelbaum was studying the phar-
macokinetics on sparteine (an antiarrhythmic agent) when
two individuals experienced nausea, diplopia, and head-
aches (Eichelbaum et al., 1979). It was later confirmed that
the same genetic deficiency was the cause of these two
independent observations. Nevertheless, the molecular ge-
netics of this apparently simple phenotypic defect was
found to be complex, with frameshift mutation, splicing
defects, and a stop codon resulting in absent enzyme ac-
tivity of the CYP2D6 enzyme. Today, we know that SNPs
within the gene result in low enzyme activity, and gene
duplication results in high enzyme activity. Because of its
importance in the metabolism of several prescribed drugs
and the dramatic clinical manifestation seen with aberrant
metabolism, CYP2D6 has become one of the most studied
pharmacogenes.

These case studies and investigations laid the ground-
work for what is now the modern pharmacogenetic disci-
pline. The advances in the field have led to Food and Drug
Administration (FDA) label changes, a guidance for in-
dustry and FDA staff on the pharmacogenomic and genetic
tests for heritable markers (see http://www.fda.gov/cdrh/
oivd/guidance/1549.pdf), and to unique methodology and
the beginning of understanding of the genetic basis of
complex diseases.

16.4 ANALYTICAL METHODS
IN PHARMACOGENOMICS

Currently several approaches are employed to associate
genotype (the specific nucleotide combination at a given
position in the genome) with phenotype (an observable
physical or biochemical characteristic), such as decreased
drug clearance or increased drug toxicity as well as altered
efficacy upon xenobiotic administration. Some commonly
used approaches include the following: (1) candidate gene
approach (i.e., phenotype/genotype or phenotype/haplotype
association studies), in which SNPs are correlated to
phenotype; (2) candidate pathway-based studies, which
explore several genes with respect to the pharmacology of a
specific drug, disease, or biological pathway for variations
that may contribute to phenotypic differences; or (3)
GWAS, in which thousands of SNPs throughout the
genome are studied. Each of the abovementioned strategies
share advantages and disadvantages. Indicatively, GWAS
comprehensively survey the genetic variation in the entire

genome, but their power to detect moderate associations is
greatly limited, as 500,000 to 1,000,000 SNPs may be
typed, resulting in multiple statistical tests and thus
requiring correction for falseepositive associations. In
addition, GWAS require large sample sets to achieve
adequate statistical power. However, these studies do pro-
vide a unique opportunity to discover novel genes not
previously known to affect drug response. On the contrary,
the candidate gene approach narrows the focus to a few
important genes/SNPs, and therefore has higher power.
Taking into account that there is a rational to the selection
of these genes, the SNPs obtained are usually biologically
plausible. Nevertheless, candidate gene studies may miss
the real causative SNP and are limited to available
knowledge.

Within the candidate-gene approach, the haplotype/
phenotype approach, in which haplotypes (i.e., groups of
SNPs closely linked on one chromosome and inherited as a
unit) are correlated to the phenotype, holds the added
advantage of assaying for an unknown variation in linkage
disequilibrium (LD) with the genotyped SNPs. LD refers to
the nonrandom association of alleles at two or more loci,
meaning alleles that are located close to each other on the
same chromosome have the tendency to occur and be
inherited together. This also means that a small number of
SNPs can be used to capture information about a larger
region (the haplotype tagging approach). Regardless of the
approach used, all positive findings need to be replicated in
independent datasets to confirm their validity. There are
several reviews of statistical methods in pharmacogenomics
(Balding, 2006; Montana, 2006; Penrod and Moore, 2014).

16.5 PHARMACOGENOMICS
IN CLINICAL SETTINGS

Although there is a plethora of scientific articles resulting
from intensive genome discovery work to delineate novel
and rather interesting drug response phenotypes, both in
terms of drug efficacy and toxicity, there have been slightly
over 120 drugs that have been approved to bear pharma-
cogenomics information in their labels and are routinely
used in a clinical setting. The most characteristic examples
of those drug/gene combinations will be outlined in the
following sections.

16.5.1 CYP2C9/VKORC1 and Warfarin

Considering the narrow therapeutic index and serious
side effect profile of warfarin, its drug label has been
updated to recommend genotype-guided dosing. Several
studies have looked at the effect of CYP2C9 variants on
warfarin dose and on adverse events (Aithal et al., 1999;
Veenstra et al., 2005a; Moridani et al., 2006), as
CYP2C9 is the main enzyme of the inactivation of the
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active S enantiomer of warfarin (Breckenridge et al.,
1974). CYP2C9 is part of the 4-gene CYP2C gene cluster
that is located on chromosome 11 (Gray et al., 1995).
Most studies have focused on the common functional
variants in CYP2C9, named CYP2C9*2 and CYP2C9*3.
These variants require significantly lower maintenance
doses of warfarin, approximately 0.85 mg for
CYP2C9*2, 1.92 mg for CYP2C9*3, and 1.47 mg for
both alleles, from the mean daily dose (Sanderson et al.,
2005) and relate to a higher risk of serious bleeds.
Various studies have shown a relationship between the
genotype and the mean warfarin maintenance dosing: the
dose is reduced by 18e40% in patients carrying 2C9*2/
*2 alleles; by 21e49% in patients carrying 2C9*1/*3
alleles compared to CYP2C9*1/*1 (Militaru et al., 2015).
In addition, the risk of bleeding complications during
warfarin treatment has been increased by 90% for
CYP2C9*2 and by 80% for CYP2C9*3 allele variants
(Wypasek et al., 2015). Both of these alleles have low
allele frequency (approximately 10%) in Caucasians and
even lower frequency in African Americans (2e5%) and
are absent in Chinese and Japanese subjects (Wang et al.,
1995; Nasu et al., 1997). The CYP2C9*5 allele was
found in healthy African American volunteers and has
been hypothesized to slow the metabolism of warfarin
(Dickmann et al., 2001).

In addition to CYP2C9 genotypes, several studies have
shown that variation in the VKORC1 gene accounts for
20e30% of the observed population variation in warfarin
dose (Rieder et al., 2005; Sconce et al., 2005; Veenstra et al.,
2005b). Vitamin K epoxide reductase (VKOR), the thera-
peutic target of warfarin, is encoded by the geneVKORC1, in
which rare mutations have been associated with warfarin
resistance (Rost et al., 2004). Rieder et al. (2005) highlight
the growing effort to incorporate this new gene into warfarin
dosing. The investigators found 10 common SNPs in three
populations that formed nine haplotypes. An association
study was then conducted (excluding Asians and African
Americans) to determine the effect of these haplotypes on
warfarin dose. The results showed that two haplotypes were
associated with low warfarin dose (haplogroup A), and three
haplotypes were associated with high warfarin dose (hap-
logroup B). As mentioned previously, these two genes are an
ideal example of the range of phenotypes seen when genetic
variation affects both pharmacokinetics and the drug target.
From this study we can see that patients possessing the wild
typeCYP2C9 and the VKORC1B/B haplogroup required the
highest doses, while patients possessing a variant CYP2C9
allele and VKORC1 haplogroup A/A required the
lowest doses.

Various algorithms have been created to determine the
maintenance dose of warfarin, taking into account genetic
(VKORK1 and CYP2C9) and nongenetic (age, weight,
coadminister medications) factors (Sconce et al., 2005;

Takahashi et al., 2006; Caldwell et al., 2007; Millican et al.,
2007). These algorithms explain approximately 50% of the
variability in warfarin dose (Sconce et al., 2005). A newly
developed algorithm includes the variables of age, body
weight, and CYP2C9 and VKORC1 genotype. This
accounted for 51% of the variability in the warfarin stable
dose and performed best in terms of the predicting dose
(within 20% of the actual dose and the intermediate-dose
group) (Cho et al., 2016). On August 16, 2007, the data
from these studies led to changes in the warfarin drug label
to include the consideration of CYP2C9 and VKORC1 ge-
notype in warfarin dosing. No consensus was reached on
how to implement such testing (i.e., which polymorphisms
to include and which algorithm to recommend in the drug
label), and therefore clinical implementation of this test has
remained difficult.

Findings show contradictory results as to the benefit of
pharmacogenomic testing to rationalize anticoagulation
treatment (Pirmohamed et al., 2013). Advances in antico-
agulant pharmacogenomics have the potential to improve
clinical outcomes, but as with every innovation, their
integration into the mainstream clinical practice is so far
slow. There is definitely a need for more scientifically
sound evidence from randomized clinical trials.

16.5.2 TPMT and 6-Mercaptopurine

6-Mercaptopurine (6-MP) and azathioprine are used in the
treatment of a variety of autoimmune disorders, childhood
acute lymphoblastic leukemia (ALL), rheumatoid arthritis,
inflammatory bowel disease, and to prevent organ rejection.
Azathioprine is converted into 6-MP, and thiopurine
methyltransferase (TPMT) is involved in the methylation
reactions of 6-MP, preventing the formation of its active
metabolites. The clinical importance of TPMT pharmaco-
genomics has been clearly established in relation to the
prediction of severe, and rarely fatal, hematological toxicity
in childhood ALL patients with reduction or loss of TPMT
activity. In the absence of the information on the TPMT
status of patients, the drug dosage is adjusted by assessing
the myelosuppressive effect of the therapy, as it is required
that patients experience moderate myelosuppression. In
some patients, bone marrow depression is severe, exposing
them to the risk of life-threatening infections. In other pa-
tients myelosuppression is less severe, but an interruption
of the therapy or dose reductions are required until the bone
marrow has recovered.

Up to 28 variant alleles in the TPMT gene have been
identified, most of them correlated with a low TPMT ac-
tivity. The nonsynonymous variants *3C (719A>G), *3A
(460G>A and 719A>G), and *2 (238G>C) are common
(2e10%) and account for over 95% of the alleles associated
with reduced TPMT activity (Wang and Weinshilboum,
2006). About 10% of ALL patients are heterozygous, and
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0.3% are homozygous for the deficient alleles. As a
consequence, heterozygous ALL patients are at intermedi-
ate risk of exaggerated bone marrow toxicity. In these pa-
tients, a 35% dose reduction of 6-MP has been
demonstrated to be safe (Relling et al., 1999). In ALL
patients, who are homozygous for defective alleles, a 90%
dose reduction is required (Evans et al., 1991, 2001).

It is important to understand the impact of the hetero-
zygous state (occurring in 10% of patients) on toxicity and
survival compared to those patients lacking inactivating
TPMT variants. Dose adjustment of 6-MP in heterozygous
ALL patients preserved the efficacy of 6-MP (Relling et al.,
2006), and another study has shown that TPMT heterozy-
gosity has been associated with a 2.9-fold lower risk of
minimal residual disease (an important prognostic factor of
early response) compared to patients with no deficient TPMT
allele (Stanulla et al., 2005). The identification of TPMT-
deficient patients at the beginning of the maintenance treat-
ment might lead to optimization of therapy by avoiding se-
vere myelosuppression and tailoring the 6-MP dose to
maintain an adequate level of exposure throughout the
course of the treatment, maintaining the dose intensity of the
regimen. The label of 6-MP has been revised to contain
information about substantial dose reduction in TPMT ho-
mozygous patients (Yong and Innocenti, 2007).

16.5.3 CYP2D6 and Tamoxifen

In the case of tamoxifen and CYP2D6, although research
data supports a benefit of pharmacogenomic testing in
dosing and/or treatment, further validation and replication
are needed to solidify the case to label changes in these
drugs. Tamoxifen is the standard endocrine therapy for
estrogen receptor (ER)-positive breast cancer in premeno-
pausal women. Both the parent drug and its metabolite
(endoxifen and 4-hydroxy tamoxifen) have pharmacologic
activity, with the metabolites of tamoxifen having 30 to 100
times greater affinity to the ER. Both of these metabolites
are formed through the metabolic conversion of tamoxifen
by the hepatic enzyme CYP2D6.

There are over 90 known alleles in the CYP2D6 gene
(Sims, 2008). These include polymorphisms that abolish
(*4, *5), decrease (*10, *17, and *41), or increase (caused
by gene duplication) function. These alleles usually classify
people into the following phenotypic groups: poor metab-
olizers (PMs), intermediate metabolizers (IMs), extensive
metabolizers (EMs), and ultrarapid metabolizers (UMs).

With respect to tamoxifen dosing, investigators have
looked at the association of these alleles with endoxifen
concentration. Borges et al. (2006) showed that individuals
carrying at least one null (*4) of reduced function allele
(*10) had similar endoxifen concentrations, while those
with multiple copies of the gene had significantly higher
endoxifen plasma levels. These differences in active

metabolite concentrations have translated to differences in
drug efficacy. Goetz et al. (2005) showed that women
carrying the CYP2D6*4/*4 genotype had shortened
relapse-free time and worse disease-free survival compared
to women that did not carry this allele. These findings were
confirmed by Schroth et al. (2007), who showed that
tamoxifen-treated women that carried a null or reduced
function allele had significantly more recurrence, shorter
relapse-free survival, and worse event-free survival
compared to functional allele carriers. In later studies it was
noted that the coadministration of CYP2D6 inhibitors
(common in breast cancer therapy for the treatment of hot
flashes and depression) converted the EM phenotype to a
PM phenotype (Jin et al., 2005). When both of these factors
were considered in treatment outcomes, patients with
decreased metabolism (either by genetic variant and/or
coadministered drug) had a significantly shorter time to
recurrence and worse relapse-free survival (Goetz et al.,
2007).

Because of these findings, the FDA advisory committee
met on October 18, 2006, to determine if recommendations
should be added to the drug label of tamoxifen. The
consensus of the advisory committee was that the tamox-
ifen label should be updated to reflect the increased risk for
disease recurrence in postmenopausal women with ER-
positive breast cancer who have the CYP2D6 PM geno-
type or women taking drugs that interact with CYP2D6. A
consensus was not reached on whether CYP2D6 testing
should be recommended. The final decision from the FDA
regarding the label change is pending (Goetz et al., 2008).

The current consensus on pharmacogenomic testing is
that CYP2D6 testing may be most beneficial in settings in
which alternative therapies are known to be equivalent or
superior to tamoxifen monotherapy, e.g., the use of aro-
matase inhibitors (AI) in postmenopausal women (Goetz
et al., 2007). For example, in these patients, PM and IM
phenotype patients should be considered for alternative
therapy. In addition, the optimal sequence of hormonal
therapy (tamoxifen for some duration followed by an AI)
for patients considered to be EM or UM needs to be
investigated (Goetz et al., 2008).

16.5.4 UGT1A1 and Irinotecan

There are 113 known polymorphisms in the UGT1A1 gene
(Hasegawa et al., 2006), many of which have functional
consequences (Tukey and Strassburg, 2000). Because of its
role in bilirubin clearance, several investigators identified
polymorphisms within UGT1A1 that contribute to a com-
mon benign familial condition of decreased bilirubin glu-
curonidation (Gilbert’s syndrome) (Bosma et al., 1995;
Monaghan et al., 1996).

The UGT1A1*28 polymorphism, which is an insertion
of an extra thymine-adenine (TA) repeat in the promoter, is
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associated with enzyme expression inversely associated
with repeat length. This insertion polymorphism affects the
TATA box upstream of the UGT1A1 transcription initiation
site, which is responsible for the binding of general tran-
scription factor IID, which plays an important role in the
initiation of transcription (Bosma et al., 1995). Therefore
individuals that are homozygous for seven TA repeats, i.e.,
(TA)7 or UGT1A1*28, have a 70% reduction in UGT1A1
expression compared to those possessing the (TA)6 allele
(Beutler et al., 1998). UGT1A1*28 is thought to explain up
to 40% of the variability in in vitro enzyme activity of
UGT1A1 (Peterkin et al., 2007). Two additional alleles at
this location have been identified in persons of African
ancestry: (TA)5 (UGT1A1*36) and (TA)8 (UGT1A1*37).
Another common functional polymorphism found in
exon 1 of the gene, denoted as UGT1A1*6, is found in
Asian populations and results in the substitution of an
arginine for a glycine (Aono et al., 1995). The allelic fre-
quency of UGT1A1*6 in Asians ranges from 18% to 23%
(Akaba et al., 1998; Takeuchi et al., 2004) with a 40%
reduction in enzyme activity as compared to the wild type
enzyme (Jinno et al., 2003). A complete list of all known
functional polymorphisms can be found at the UGT
nomenclature home page (Bock et al., 2005).

Evidence points toward a more complex picture of the
metabolism by UGT1A1 and functional UGT1A poly-
morphisms. Because of the structure of the UGT1A locus
(unique exons 1 for each isoform with common exons 2
through 5), haplotypes may exist between the coding re-
gions at this locus that affect the function of one or more of
the UGT1A enzymes. A haplotype effect over the effect of
UGT1A1*28 alone at this gene locus has been postulated
(Paoluzzi et al., 2004; Sai et al., 2004; Innocenti et al.,
2005; Lankisch et al., 2005).

Irinotecan is approved for the treatment of metastatic
colorectal cancer and is often used in combination with 5-
fluorouracil, leucovorin, bevacizumab, and/or cetuximab.
Irinotecan is a prodrug with therapeutic activity found in its
active metabolite, 7-ethyl-10-hydoxycamptothecan (SN-
38), which is a potent topoisomerase I inhibitor (Gupta
et al., 1994). The SN-38 AUC has been correlated to
neutropenia (Pitot et al., 2000). The major route of clear-
ance for SN-38 is glucuronidation to SN-38 glucuronide
(SN-38G) by UGT1A1, although it is possible that
UGT1A9 and UGT1A7 (extrahepatic) may also have a role
(Gagne et al., 2002).

The initial clinical association between SN-38 glucur-
onidation and irinotecan toxicity was described by Gupta
et al. (1994). The evidence that this was due to variability in
UGT1A1 came from two case reports in patients with
Gilbert’s syndrome (Wasserman et al., 1997) as well as
studies by Iyer et al. (1999) demonstrating that SN-38 is a
substrate for UGT1A1. Furthermore, the extent of meta-
bolism was inversely correlated to the number of TA

repeats in the promoter region (Iyer et al., 1999). The as-
sociation between UGT1A1*28 and the risk of severe
diarrhea and/or neutropenia in patients receiving irinotecan
was seen in a retrospective study by Ando et al. (2000). Iyer
et al. (2002) conducted the first prospective trial of irino-
tecan pharmacogenomics, which showed an association
between UGT1A1*28 and a decreased SN-38 glucur-
onidation rate. This study was amended to increase the dose
of irinotecan to 350 mg/m2 (Innocenti et al., 2004). Under
the revised protocol by Innocenti et al. (2004), the in-
vestigators found a significant association of UGT1A1*28
with an incidence of grade 4 neutropenia. Following this
initial work, several studies found an association of
UGT1A1*28 and pharmacokinetic parameters, i.e., a
decreased SN-38G/SN-38 area under the plasma
concentration-time curve (AUC) ratio and SN-38 AUCs
(Paoluzzi et al., 2004; Sai et al., 2004; Araki et al., 2006),
and drug toxicity such as neutropenia (Ando et al., 2000;
Rouits et al., 2004; Toffoli et al., 2006) and diarrhea
(Marcuello et al., 2004; Massacesi et al., 2006). For a re-
view on these studies, see Kim and Innocenti (2007).

This evidence led to the inclusion by the FDA of
UGT1A1*28 as a risk factor for severe neutropenia in pa-
tients receiving irinotecan (http://www.fda.gov/cder/foi/
label/2005/020571s024,027,028lbl.pdf). In August 2005,
the FDA approved the marketing of the Invader UGT1A1
assay (Third Wave Technologies, Madison, WI, USA) as a
diagnostic test for the UGT1A1*28 allele. UGT1A1 geno-
type results can also be obtained at off-site facilities, such
as Mayo Medical Laboratories or ARUP Laboratories,
which process whole blood samples and return genotype
data directly to the physician.

16.5.5 HLA*B5710 and Abacavir

Pharmacogenomic effects may account for not only differ-
ential efficacy but may also contribute to the differential
occurrence of adverse effects. An example of this scenario is
provided by the pharmacogenomic association between
HLA*B5710 and abacavir. Abacavir is a nucleoside
analogue inhibitor of reverse transcriptase used to treat
HIV-1 infections. Usual formulations are abacavir alone or
in combination with other antiretrovirals such as lamivudine
and zidovudine. These treatments are highly effective,
though 2e9% of patients receiving the drug develop hy-
persensitivity reactions, which result in the discontinuation
of the medication (Hetherington et al., 2001). This reaction is
dose-independent and usually occurs within the first 6 weeks
of therapy. Symptoms include fever, rash, and gastrointes-
tinal and respiratory symptoms. Treatment consists of the
permanent cessation of abacavir and supportive care. Death
may occur with a reintroduction to abacavir.

Initial indications that the hypersensitivity reaction may
be genetic came during the clinical trial of abacavir. First,
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only a small percentage of patients were affected, and
second, a clear racial difference in risk was seen, with black
patients at a lower risk for the adverse event. Using a
candidate gene approach, which included genes involved in
immune response and drug metabolism, HLA*B5701 was
identified as having a strong statistical association to the
hypersensitivity reaction (Hetherington et al., 2002). The
finding was also independently found in a Western
Australian cohort (Mallal et al., 2002). A clinical study was
undertaken to determine the utility of HLA*B5701 testing.
The PREDICT-1 study randomized patients to a standard of
care or prospective pharmacogenomic screening prior to
therapy (Mallal et al., 2008). Those patients that were
screened and were shown to be HLA*B5701 positive were
excluded for abacavir regimens. The prospective screening
of patients reduced the overall incidence of clinically
diagnosed hypersensitivity reaction from 7.8% in the
standard of care arm to 3.4% in the prescreened arm. To
prevent allopurinol and abacavir hypersensitivity, HLA-
B*58:01/57:01 screening has been highly recommended
prior to commencing these therapies. Therefore Nguyen
et al. (2016) aimed at developing and validating a rapid and
robust screening method for HLA-B*58:01/57:01.

The same association has not been shown in a black
population, presumably because of ethnic differences in LD
patterns in the major histocompatibility complex (Hughes
et al., 2004). Today, pharmacogenomic information ac-
companies abacavir’s labeling.

16.6 POPULATION DIFFERENCES
IN PHARMACOGENOMICS

Interindividual differences in drug response are an impor-
tant clinical issue recognized by physicians and healthcare
professionals. A difference in drug response between ethnic
populations was reported in the early 1920s, when differ-
ential cardiac effects of atropine were reported between
Caucasians and African Americans (Paskind, 1921).
Similar population-specific effects were reported with
antimalarial medication used in African American soldiers
(Motulsky, 1960) and pupillary dilation after various
mydriatic eye drops used in Caucasians, Asians, and
African Americans (Chen and Poth, 1929).

Possible causes of these differences in drug response
involve extrinsic factors (diet, environmental exposure,
drugedrug interactions), intrinsic factors (age, race and
ethnicity, gender, organ dysfunction, genetics), or in-
teractions between these factors (FDA Guidance for Industry
Collection of Race and Ethnicity Data in Clinical Trials,
September 2005b). Pharmacogenomics refers to interindi-
vidual variations in DNA sequence related to absorption,
distribution, metabolism and excretion (pharmacokinetics),
or drug action (pharmacodynamics), including polymorphic
variations in genes that encode drug-metabolizing enzymes,

drug transporters, or drug targets (receptors). Genetic vari-
ation in these genes is considered to be an important source
of variability in drug response and contributes to 25e50% of
inappropriate drug responses-ADRs (overtreatment) or
reduced effectiveness (undertreatment) (Spear et al., 2001).
Side effects are one of the main reasons for hospitalization,
which in some cases can lead to death. However, ADRs can
be avoided when taking into account pharmacogenomic
factors that affect the pharmacokinetic and/or pharmacody-
namic aspects of drug effects to the patient.

A growing number of studies describe differences in
drug response as a result of genetic polymorphisms in
numerous molecules that affect either the pharmacokinetic
or the pharmacodynamic properties of drugs. These mole-
cules can be considered as new pharmacogenomic bio-
markers monitoring patients, either preemptively (before
the start of drug administration) or during drug adminis-
tration, when the therapeutic effect is lower than expected
(lack of effectiveness or ADRs). It has become clear that
many genetic variations in drug-metabolizing enzymes
relate to interindividual differences and display differences
between populations. Notably, of the numerous drug-
metabolizing enzymes that exhibit pharmacogenomic di-
versity between individuals, at least 88% show interethnic
differences in variant frequencies. Furthermore, different
variations (alleles) exist in different populations.

Much of the interethnic variation we see has to do with
the early human migration out of Africa into Asia and
Europe (Tishkoff and Williams, 2002). The genetic varia-
tion seen outside of Africa is generally thought to be a
subset of the variation found within Africa (Cavalli-Sforza
and Feldman, 2003). This migration caused populations to
be genetically isolated and allowed population-specific
mutations to arise. Variants that cause decreased enzyme
function, such as glucose-6-phosphate dehydrogenase
deficiency, posed an evolutionary advantage. In this case,
this variation confers protection against malaria and there-
fore rose in frequency in African populations (Motulsky,
1960). It is also widely recognized that populations of
recent African ancestry tend to have considerably more
genetic variation, i.e., more sites within the genes are likely
to be polymorphic, and the extent of LD can be much lower
than in populations of recent European or Asian ancestry
(Tishkoff and Verrelli, 2003), meaning that the length of
the haplotypes found in African Americans is significantly
shorter than Caucasians and would require typing more
haplotype tagging SNPs to obtain a similar assessment of
the genetic variation. Therefore pharmacogenomic studies
based on Caucasian subjects may not always translate into
an observed affect in another population, and this should be
taken into consideration when designing pharmacogenomic
studies. Evidence also suggests marked differences in
warfarin dosing among Caucasian populations in Europe
(Mizzi et al., 2016).
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The genetic definition of race or ethnicity has usually
corresponded to the continental or subcontinental regions,
which include the following populations: sub-Saharan
Africans, Europeans, western Asians, northern Africans,
eastern Asians, Polynesians and other inhabitants of Oce-
ania, and Native Americans (Rosenberg et al., 2002;
Bamshad et al., 2003). However, 5e15% of genetic vari-
ation occurs between these groups, with the remaining
variation occurring within such groups (Jorde et al., 2000).
This makes classification of individuals into distinct racial
categories difficult and often inaccurate. This is evident in
the case of people who self-identify as African Americans.
This “race” has some European ancestry, as measured
through genetic markers, ranging from an estimated 7% for
a sample of Jamaicans to 23% for a sample of African
Americans from New Orleans (Parra et al., 1998). One
commentary highlights the difficulty of the categorization
of Asians, as the interpretation of “Asian” might depend
upon cultural definitions. Drug response and efficacy may
vary widely in these populations; however, categorical
distinctions in both pharmacogenomic studies and drug
recommendations are rarely made (Po, 2007).

Most studies of ethnic differences in drug metabolism
have focused on drugs metabolized by the cytochrome
P450 family (Zhou and Liu, 2000). CYP450 is a gene
cluster involved in the metabolism of 40e60% of drugs
upon daily administration, including immunosuppressants
(tacrolimus, cyclosporine), chemotherapeutics, and antide-
pressants. The subfamily CYP3A accounts for the largest
amount of CYP proteins in the human liver and metabolizes
more than 50% of all drugs (Adler et al., 2009). Note-
worthy, a great variation between individuals (up to 40
times) in CYP3A activity has been observed, reporting a
large number of single mononucleotide polymorphisms
(SNPs) in CYP3A4 and CYP3A5 isoforms. In particular,
CYP3A5 is responsible for 6e99% of the total CYP3A
activity worldwide (Adler et al., 2009). Therefore CYP3A5
may be an important genetic contributor to interindividual
and interracial differences in CYP3A-dependent drug
clearance and response (Roy et al., 2005).

The most frequent SNP with functional importance in
CYP3A5 relates to an A to G transition in intron 3 at po-
sition 6986 (*3), which leads to alternative splicing,
resulting in a decrease in metabolic activity. Conversely,
the presence of the wild type allele (*1) is associated with
high CYP3A5 catalytic activity. The frequency of the
CYP3A5*3 variant differs among populations, ranging
from 27e50% in the African American population,
60e70% among Asians, and up to 85e95% in individuals
of Caucasian ancestry, in which the expresser variant is
uncommon (Kuehl et al., 2001). This polymorphism has
been associated with an increased tacrolimus dose in
transplant patients (Op den Buijsch et al., 2007); as such, it
may explain differences seen in organ transplantation

between Caucasians and African Americans (Dirks et al.,
2004). The determination of the CYP3A5 genotype would
be helpful in the design of appropriate immunosuppressive
treatment and lowering toxicity by predicting the doses of
tacrolimus or cyclosporine required for the induction and
maintenance phases in individual transplant recipients
(Vannaprasaht et al., 2013). Various studies have shown
that renal transplant patients who are heterozygous
(CYP3A5*1/*3) require a 1.5- to 2-fold higher dose of
tacrolimus to achieve the target concentration (Press et al.,
2009; Dai et al., 2006; Tavira et al., 2011). An appreciation
of differences in immunosuppressant pharmacokinetics and
dose requirements between various ethnicities in clinical
practice is expected to improve posttransplant immuno-
suppressive pharmacotherapy and may thus contribute to
equalizing prognostic outcomes for all transplant patients
(Dirks et al., 2004). It should be noted that accounting for
population differences has been conducted on relatively
few drugs. Therefore the gap seen in the pharmacogenomic
world and that in the clinical trial and clinical practice
setting is yet to be bridged.

16.7 COMPLEX PHENOTYPES

Before the completion of the Human Genome Project,
progress in understanding complex disorders was slow, and
insight into their causes and mechanisms remained partic-
ularly limited (Hofker et al., 2014). Most complex diseases
and traits do not follow simple inheritance patterns (Men-
delian). With the completion of the Human Genome Proj-
ect, researchers have found that SNPs are ubiquitous,
occurring approximately once in every 1000e3000 base
pairs (Sachidanandam et al., 2001). However, determining
which of these SNPs is responsible for variations in drug
response has been a daunting task. This association process
becomes increasingly complicated when more than one
gene is involved in the pharmacologic effect seen. These
added complexities require knowledge of not only genee
drug interactions but also the entire pathway affected by the
drug. In contrast to monogenic diseases, where a single
variant is sufficient to cause a disease phenotype, complex
diseases represent a greater interaction between environ-
mental and genetic factors. A complex disease phenotype
cannot result from a single genetic variant. Instead, multiple
variants of low penetrance at multiple loci modulate syn-
ergistically disease susceptibility. Whereas the Mendelian
disorders were initially revealed using linkage analysis in
affected families followed by positional cloning strategies,
complex diseases were much harder to comprehend due to
their non-Mendelian inheritance patterns (Hofker et al.,
2014).

Common complex diseases, and thus the vast majority
of what is to be clinically applied genetics, behave almost
fundamentally different from rare, classic, monogenic,
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Mendelian diseases: whereas in the latter the impact of the
genetic variant is typically categorical in nature due to
high penetrance, in the former the presence of a disease-
associated genetic variant is merely of probabilistic
value, raising (or lowering) the likelihood of disease
occurrence to some extent but never predicting it in a
black-and-white fashion. This becomes evident in a
pathway-based view of the problem of drug response.
While differences in drug metabolism and mutations
within drug targets contribute to the variability seen, other
factors, such as polymorphism in regulatory genes (i.e.,
transcription factors), downregulation of essential hor-
mone mediators, and abnormalities in promoter sites, just
to name a few, contribute to the drug response variability.
These variables still do not take into account the effect of
environmental factors. Therefore for a pharmacogenomic
test to be viable in this atmosphere, all of these variables
must, in some form, be accounted for.

Communicating this difference to a public that has
long been misled into a perception of everything genetic
being of deterministic, Mendelian quality represents a
second, no less important, and difficult challenge. Unless
this effort is successful (by engaging in a true dialogue
with all stakeholders) in providing the basis for informed
discourse and sensible decision-making on the societal
level, the full potential of our deepening understanding of
biology and of these technological advances will not be
recognized.

Inroads into understanding the genetic basis of com-
plex diseases have been made through the advent of the
GWAS. GWAS, which aim to correlate allele frequencies
of SNPs with a disease status or trait variation in a human
population, have now become a standard tool in human
genetics research (van der Sijde, 2014). GWAS measure
and analyze DNA sequence variations from across the
human genome in an effort to identify genetic risk factors
for diseases that are common in the population. The ulti-
mate goal of GWAS is to use genetic risk factors to make
predictions about who is at risk and to identify the bio-
logical underpinnings of disease susceptibility for devel-
oping new prevention and treatment strategies (Bush and
Moore, 2012). The strategy of GWAS is based on the
common variantecommon disease hypothesis (CD/CV),
which states that common genetic variation must play a
major role in common diseases (Hofker et al., 2014). The
CD/CV hypothesis predicts that multiple, commonly
occurring variants from multiple genes individually
contribute a small effect on disease susceptibility but
additively exert a considerable effect in the manifestation
of complex diseases (Reich and Lander, 2001).

While criticized by some for being nonhypothesis
driven (i.e., no a priori hypothesis is given on which gene
and/or variant contributes to the disease in question),
GWAS are revolutionary because they permit interrogation

of the entire human genome in thousands of unrelated
individuals, unconstrained by prior hypotheses regarding
genetic associations. The past years have been flush with
replicated findings in GWAS. These include complex
diseases such as type II diabetes (Zeggini et al., 2008),
obesity (Loos et al., 2008), and Crohn’s disease (Rioux
et al., 2007) as well as prostate (Eeles et al., 2008), breast
(Easton et al., 2007), colon (Tenesa et al., 2008), and lung
cancer (Hung et al., 2008). GWAS has also identified
important pharmacogenomic associations, as seen in a
paper that showed an association between an SNP in
SLCO1B1 (encoding an anionic-transporting polypeptide)
and myopathy after statin use (a cholesterol-lowering
agent) (Link et al., 2008). These investigations have led
to the association of important susceptibility loci, such as
the NOD2 in Crohn’s disease and FTO for obesity. One of
the most important outcomes of these studies has been the
discovery of new biological associations in genes or re-
gions previously unrecognized to have a role in each dis-
ease. It is interesting to note that many of the associations
found have a relatively small effect, with typical odd ratios
of about 1.5e2.0. These studies have also found that a
substantial amount of the association to disease arose from
regions outside of the coding gene regions. This is not
surprising given that noncoding variation may affect gene
regulation and is preponderant of coding regions in the
human genome. Several groups are currently working on
GWAS applied to clinical pharmacogenomics, and these
results are expected to be available in the public domain in
the near future. To date, 1818 GWAS papers have been
published, describing 12,498 associations, as listed in the
GWAS Catalog of the National Human Genome Research
Institute (van der Sijde et al., 2014). GWAS have reliably
linked thousands of genetic variants to hundreds of com-
plex diseases or traits (Sainani, 2015), which owned in 17
trait categories, including digestive system disease, car-
diovascular disease, and immune system disease (https://
www.genome.gov/gwastudies/).

Genetics have thus begun taking up the even greater
challenge of the genetic dissection of complex traits, aim-
ing at discovering genetic profiles, which will be used for
the prediction of the risk of disease, prevention, or therapy,
which are the priorities of personalized medicine. So, un-
derstanding the biological basis of genetic effects will play
an important role in developing new pharmacologic thera-
pies (Bush and Moore, 2012).

16.8 PHARMACOGENOMICS AND
REGULATORY AGENCIES

The greatest utility of the field of clinical pharmacogenomics
has been shown in oncology, as oncology drugs exhibit a
narrow therapeutic index. In oncology, the two major ex-
amples of the advancing role of pharmacogenomics in the
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prevention of drug toxicities are TPMT and 6-MP, along
with UGT1A1 and irinotecan, both of which resulted in drug
label updates. In general, these changes state a recommen-
dation, not a requirement, to test.

Approximately 10% of the drug labels approved by the
FDA contain pharmacogenomic information. In the context
of drug labels, this information can be classified on the
basis of their specific use, such as clinical response and
differentiation, risk identification, dose selection guidance,
susceptibility, resistance and differential disease diagnosis,
and polymorphic drug targets. In should be noted that many
of the labels containing pharmacogenomic information do
not provide recommendations for a specific action (i.e.,
genetic testing). A complete list of valid genetic biomarkers
can be found on the FDA’s website (http://www.fda.gov/
Drugs/ScienceResearch/ResearchAreas/Pharmacogenetics/
ucm083378.htm).

16.9 PHARMACOGENOMICS IN DRUG
DEVELOPMENT

The advent of pharmacogenomics has had a mixed
response in the pharmaceutical industry, with several ex-
ecutives expressing concern that the technology remains
unproven, expensive, and disruptive to the overall revenue
in drug sales (Danzon and Towse, 2002; Hopkins et al.,
2006). The foreseeable benefits to the addition of phar-
macogenomics into the drug development process have
now become evident. Pharmaceutical companies aim to get
their new drugs out to market sooner with a reduced risk of
failure. A prime example of the beneficial pharmacoge-
nomics effect on drug development processes is seen in the
case of troglitazone (an oral hypoglycemic agent use to
treat type II diabetes). This drug was taken off the market
due to severe and sometimes fatal hepatotoxicity. A phar-
macogenomic case-control study of troglitazone-induced
hepatotoxicity showed a strong correlation between
elevated liver enzymes and functional mutations in GSTT1
and GSTM1 (phase II metabolic enzymes; Watanabe et al.,
2003). Early evaluation of these pharmacogenomic variants
may have saved a therapeutically important drug. Most
large pharmaceutical companies have an internal pharma-
cogenomics program, even though the majority serve to
weed out poor candidates in the drug development process.
Thus the publicly available pharmacogenomic data in the
field fundamentally comes from academia. Part of the
reluctance from the drug industry comes from the concern
that the FDA will delay the registration process. In March
2005, steps within the FDA were taken to encourage the
voluntary submission of pharmacogenomic data with
guidelines emphasizing the neutral effect on the registration
processes (US Department of Health and Human Services,
2005a). This has been expected to encourage the collection
of pharmacogenomic data on the large phase III cohorts

used during the approval process. The European Agency
for the Evaluation of Medicinal Products has also created
internal structures to support pharmacogenomic develop-
ment with guidance to sponsors provided through briefing
meetings (Agency, 2007). Yet, within Europe, German,
Irish, Dutch, and United Kingdom national agencies have
received few requests from sponsors to consider pharma-
cogenomic data.

Most pharmacogenomic investigation involves genes or
pathways related to pharmacokinetics and pharmacody-
namics. Interindividual differences in absorption, distribu-
tion, metabolism (with regard to both the activation of
prodrugs and the inactivation of the active molecule), or
excretion of the drug associate to pharmacokinetic effects.
Pharmacokinetic genes are obvious targets for pharmaco-
genomic research given that drug levels are easily measured
and, for some drugs, are correlated to drug response (i.e.,
therapeutic drug monitoring). Differential effects caused by
variations in pharmacokinetic genes are because of the
presence at the intended site of action of inappropriate
concentrations of the pharmaceutical agent and/or inap-
propriate metabolites, resulting in toxicity and/or lack of
efficacy. Pharmacogenomics, as it relates to pharmacoki-
netics, has been recognized as an entity for more than
100 years, going back to the observation commonly
credited to Archibald Garrod that a subset of psychiatric
patients treated with the hypnotic, sulphonal, developed
porphyria. Since then, the underlying genetic causes for
many of the previously known differences in enzymatic
activity have been elucidated, most prominently with re-
gard to the P450 enzyme family, and these have been the
subject of many reviews (Evans and Relling, 2004;
Ingelman-Sundberg et al., 2007; see also http://www.imm.
ki.se/CYPalleles; Table 16.1). However, such effects are
also reported with membrane transporters, such as in the
case of the differential activity of genetic variants of the
ABCB1 gene that affect the effective intracellular concen-
tration of antiretrovirals (Fellay et al., 2002), anticancer
agents (Nooter et al., 1990), and anticonvulsants (Kwan
and Brodie, 2005), or of the purine-analogue-metabolizing
enzyme thiomethylepurinetransferase (Dubinsky et al.,
2000). Table 16.1 outlines several examples of phase I and
phase II drug-metabolizing enzymes of pharmacogenomic
relevance for drug therapy.

Pharmacodynamic effects, on the contrary, may lead
to interindividual differences in drug efficacy despite the
presence of appropriate concentrations of the active drug
compound at the intended site of action. Genetic varia-
tion in how the target molecule or another (downstream)
member of the target molecule’s mechanistic pathway
can respond to the medicine modulates drug efficacy.
Table 16.2 summarizes examples of some of the phar-
macodynamic genes that have been shown to affect drug
response.
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TABLE 16.1 Examples of Pharmacogenetic Effects in Pharmacokinetic Genes

Enzymes Affected Drugs/Substances

Phase I Enzymes

Aldehydeedehydrogenase Acetaldehyde

Alcoholedehydrogenase Ethanol

CYP1A2 Caffeine

CYP2A6 Nicotine, coumarin

CYP2C9 Phenytoin, warfarin, tolbutamide, glipizide, fluvastatin

CYP2C19 Mephenytoin, omeprazole, pantoprazole, amitriptyline, imipramine

CYP2D6 Dextromethorphan, debrisoquine, sparteine, tamoxifen, nortriptyline,
clomipramine

CYP2E1 Chlorzoxazone, caffeine

CYP3A4 Erythromycin

CYP3A5 Tacrolimus, saquinavir

Serum cholinesterase Benzoylcholine, butyrylcholine

Paraoxonase/arylesterase Paraoxon

Phase II Enzymes

Acetyltransferase (NAT2) Isoniazid, sulfamethazine, caffeine, procainamide, dapsone

Dihydropyrimidineedehydrogenase 5-Fluorouracil

Organic anion transport protein 1B1 (SLCO1B1) Pravastatin

Thiomethyltransferase 2-Mercaptoethanol, D-penicillamine, captopril

Thiopurineemethyltransferase (TPMT) 6-Mercaptopurine, 6-thioguanine, azathioprine

UDPeglucuronosyletransferase 1A1 (UGT1A1) Bilirubin, irinotecan

UDPeglucuronosyletransferase 2B7 (UGT2B7) Oxazepam, ketoprofen, estradiol, morphine

TABLE 16.2 Examples of Pharmacogenomic Effects in Pharmacodynamic Genes

Enzyme Affected Drugs/Disease

5-Lipoxygenase Monolukast (asthma)

ApoE2 LDL-C level

ACE ACE inhibitors (hypertension)

Beta 2 adrenergic receptor Albuterol (asthma)

Beta 1 adrenergic receptor Beta blockers (hypertension)

Corticotropin-releasing hormone Antidepressants

Dopamine receptor Selective serotonin reuptake inhibitors (depression)

EGFR Gefitinib, cetuximab (cancer)

ER alpha Bone mineral density

FCGR3A Infliximab (Crohn’s disease)

HMGCoA reductase Statins (cholesterol-lowering drug)

NEF3 Response to antipsychotics

TNF Anti-TNF therapy (Crohn’s disease and rheumatoid arthritis)

Serotonin receptor Selective serotonin reuptake inhibitors (depression)

VKORC1 Warfarin dose (anticoagulation)
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16.10 USEFUL RESOURCES IN
PHARMACOGENOMICS

The advent of pharmacogenomic studies has led to the
development of several databases, by which investigators
can mine valuable genotype and phenotype information.
The HapMap Project still leads the way as a source of large
genotype information. This project evolved naturally from
the Human Genome Project, which made the sequence for
the entire human genome public available. The goal of the
international HapMap Project is to identify and catalog
genetic similarities and differences in human beings and to
develop a haplotype map of the entire human genome that
can be easily utilized in genetic association studies. Four
world populations/racial groups were genotyped: 30 trios
(two parents and a child) from Nigeria (YRI), 30 trios from
the United States and of European ancestry (CEU), 45
unrelated Japanese (JPT), and 45 unrelated Han Chinese
(CHB) (see http://www.hapmap.org). These populations
were chosen to broadly represent African, European, and
Asian ancestry and to identify most of the common hap-
lotypes that exist in populations worldwide. The hope is
that the information in HapMap can be used to elucidate
genes that affect health, disease, and individual responses
to medications and environmental factors. By using this
haplotype map, researchers will use the LD pattern seen in
human populations in pharmacogenomic studies. However,
while the HapMap is sufficient for cataloging common
variation, rarer alleles are not well represented. In addition,
regions with complex and large regions of LD, such as the
HLA region, may not be well represented by these data.

Another publicly available resource for pharmacoge-
nomic information is the Pharmacogenomics and Pharma-
cogenomics Knowledge Base (PharmGKB; http://www.
pharmgkb.org). The purpose of this database is to curate
information that establishes knowledge about the relation-
ships among drugs, diseases, and genes, including their
variations and gene products (Klein et al., 2001). In addi-
tion to genes annotated to the drugs they may affect,
PharmGKB also contains drug-specific pathways and genes
found in these pathways. While quite thorough, this data-
base is limited in the number of genes/drugs that are
included.

DruGeVar (Dalabira et al., 2014) has been developed as
an online resource to triangulate drugs with genes and
variants that serve as pharmacogenomic biomarkers. On
the basis of such a clinical pharmacogenomics initiative,
an electronic pharmacogenomics assistant would be of
value. Potamias et al. developed such a system to provide
personalized drug recommendations based on the
genotype-to-phenotype data presented and validated by
regulatory agencies. Of course, such an electronic phar-
macogenomics assistant may assist biomedical research
toward the identification of new gene variant biomarker

entities (Potamias et al., 2014). The Frequency of Inherited
Disorders database (FINDbase; http://www.findbase.org), a
relational database that records frequencies of causative
mutations and pharmacogenomic markers worldwide (van
Baal et al., 2007), has been established to provide a simple
and expandable system for worldwide population-specific
mutation frequency data documentation. Since the volume
of pharmacogenomic databases and resources is quite large
and variable, Table 16.3 summaries a few of the widely
used databases publicly available.

16.11 NEW TRENDS IN
PHARMACOGENOMICS

Drug response and/or toxicity may be highly variable
among individuals. Pharmacogenomics explains such
clinical phenotypic differences via their association to
genomic variation. It is true, though, that pharmacoge-
nomics does not take into account environmental factors,
gut microbiome, and polypharmacy. For this, a holistic
approach is required. Systems biology holds the promise to
delineate interindividual variability via integrated and
interacting networks of genes, proteins, and biochemical
reactions. A multidisciplinary, systems-based approach
coupled to information technologies is vital to addressing
the bulk of the biological data that is available and, even-
tually, to implementing precision medicine. In this context,
-omics technologies play a major role.

16.11.1 Pharmacometabolomics-Aided
Pharmacogenomics

Even though genomic variation is fundamental, there is
increasing recognition of the limitations of pharmacoge-
nomics, as this approach does not consider environmental
influences on drug absorption, distribution, metabolism, and
excretion. In an alternative, yet complementary discipline,
pharmacometabolomics aims to predict and/or evaluate
drug efficacy and/or toxicity on the basis of metabotypes.
Metabotypes are the net result of genetic, physiological,
chemical, and environmental influences and refer to a huge
list of both endogenous and exogenous chemical entities,
often associated with an overall understanding of metabolic
dynamics per the condition of interest. Metabolomic profile
alterations associated with therapy (pharmacometabolomics)
are expected to be one of the hallmarks of precision medi-
cine, as metabotypes assist toward a more accurate definition
of drug response and disease heterogeneity.

In 2011, the idea of the constructive coupling of the
abovementioned omics technologies arose to reinforce the
identification of clinically relevant associations. Suhre et al.
(2011) reported a thorough analysis of genotype-dependent
metabolic phenotypes integrating a GWAS with non-
targeted metabolomics. The authors identified 37 genetic loci
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associated with blood metabolite concentrations, providing
new functional insights for several disease-related associa-
tions, such as cardiovascular and kidney disorders, type II
diabetes, cancer, gout, venous thromboembolism, and
Crohn’s disease. Pharmacometabolomic data has also been
efficiently merged with pharmacogenomic data via SNP
imputation of metabolomic-derived pathway data, elimi-
nating the need for initial genotyping and at the same time
making broader SNP association testing possible (Abo et al.,
2012). In this context, Ji et al. (2011) explored citalopram/
escitalopram treatment biomarkers, following a metab-
olomics analysis in plasma, according to which glycine was
reported to be negatively associated with treatment outcomes
leading to tag SNP genotyping for genes encoding glycine
synthesis, and rs10975641 (GLDC) was defined as a
response biomarker in major depressive disorder patients.
Katsila et al. (2016) proposed merging pharmacometabolo-
mic and pharmacogenomic data (to address the interplay of

genomic and environmental influences in autoimmune dis-
ease) with information technologies on the basis of synergy
between artificial and human intelligence. Humans can
detect patterns that computer algorithms may fail to
recognize. On the contrary, data-intensive and cognitively
complex settings and processes limit human ability. Katsila
et al. (2016) provide an overview of the human pharmaco-
metabolomics-, metabolomics-, metabonomics-, metageno-
mics-, and pharmacometabolomics-aided pharmacogenomics
studies reported in the literature as of late 2015.

16.11.2 Whole Genome Sequencing
in Pharmacogenomics

Carriers of novel, unique variants may be categorized as
IMs or even PMs when the variants in question render a
drug-metabolizing enzyme and/or transporter inactive or
disable its expression. As such, a comprehensive view of

TABLE 16.3 Commonly Used Resources in Pharmacogenomics

Resource Web Address Description

dbGAP http://www.ncbi.nlm.nih.gov/sites/
entrez?Db¼gap

Developed to archive and distribute the results of studies that
have investigated the interaction of genotypes and phenotypes

dbSNP http://www.ncbi.nlm.nih.gov/
projects/SNP/index.html

Central repository for both single base nucleotide substitutions
and short deletion and insertion polymorphisms

ENCODE Project http://www.genome.gov/10005107 Project to identify and characterize functional elements in the hu-
man genome

International HapMap
Project

http://www.hapmap.org/index.
html.en

International repository of genetic variations that can be used to
find genes that affect health, disease, and individual responses to
medications and environmental factors

NIEHS SNPs http://egp.gs.washington.edu Single nucleotide polymorphism discovery resource focused on
examining the relationships between environmental exposures,
interindividual sequence variations in human genes, and disease
risk in US populations

Perlegen Database http://genome.perlegen.com Access to several human genomic data sets released by Perlegen
Sciences also available in HapMap

SeattleSNPs http://pga.mbt.washington.edu Single nucleotide polymorphism discovery resource focused on
genes involved in pathways that underlie inflammatory responses
in humans

UCSC Genome
Browser

http://genome.ucsc.edu Contains reference sequences and working draft assemblies for a
large collection of genomes

Wellcome Trust Case
Control Consortium

http://www.wtccc.org.uk/info/
access_to_data_samples.shtml

Identifies genome sequence variants influencing major causes of
human morbidity and mortality through the implementation and
analysis of large-scale genome-wide association studies

DruGeVar http://drugevar.
genomicmedicinealliance.org/

Only freely available database triangulating between drugs,
genes, and pharmacogenomic biomarkers

FINDbase http://www.findbase.org/ Documents the prevalence of pharmacogenomic biomarkers in
several populations and ethnic groups worldwide

ePGA http://www.epga.gr Web service aiming to translate pharmacogenomics information
into a clinically meaningful format to facilitate clinicians toward
the integration of genomics into daily medical practice
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one’s genomic variants is necessary. Even though next
generation sequencing approaches [whole exome (Price
et al., 2012) or whole genome sequencing (Meyerson et al.,
2010)] have been adopted for pharmacogenomics testing,
there are very few whole genome sequencing studies in
pharmacogenomics. Ashley et al. (2010) indicated the need
for a low initial dose for warfarin when they reported gene
variants suggestive of clopidogrel resistance and a positive
response to lipid-lowering therapy. In 2011, whole genome
resequencing revealed a substantial amount of novel/
uncharacterized variations (predicted to alter protein func-
tion) (Drögemöller et al., 2011). Nelson et al. (2012)
sequenced 202 genes encoding drug targets to explore rare
genetic variants in 14,002 individuals and concluded that
human populations harbor an abundance of rare variants,
many of which are deleterious and relate to disease risk. A
critical analysis was performed by Drögemöller et al.
(2013), focusing on the unmet needs of pharmacogenomics
research on schizophrenia. The authors showed that there is
a percentage of “inaccessible genome,” including the CYP
and HLA genes. Whole genome sequencing was exploited
to identify novel and putatively causative genomic variants
that affect the structure and function of 231 pharmacogenes
in a large number of human genomes from various ethnic
backgrounds (Mizzi et al., 2014). The advent of whole
genome sequencing technology offers an outstanding po-
tential toward the implementation of pharmacogenomics in
the clinic. The development of pharmacogenomic clinical
tests as well as the understanding of the genetic effects
underlying interindividual variability upon drug adminis-
tration depend on how sequencing technologies evolve and
are integrated into the clinic. Some key actions have been
taken, whereas other needs are to be met.

16.12 ETHICAL IMPLICATIONS

Several ethical considerations play a major role when the
integration of pharmacogenomic information into both
healthcare decisions and patient records is taken into ac-
count, especially in terms of privacy and confidentiality
issues. Should genetic information be treated as any other
diagnostic test, or is special protection needed for this data?
Is patient consent required prior to testing for all pharma-
cogenomic mutations, even those used to guide dosing or
therapy, or only for those that predict disease susceptibil-
ity? Many of these concerns arise from lumping pharma-
cogenomic tests into the category of “genetic tests.” Most
pharmacogenomic tests are used for routine clinical
decision-making (i.e., CYP2D6 SNP testing to determine
enzyme activity to guide drug dosing), while genetic tests
that are predictive of disease susceptibility may have an
impact on the patient’s life, family, or third party interests
(i.e., BRCA1 and BRCA2 genotyping for the risk of early
onset breast cancer). Thus not all “genetic” tests are created

equal (Roses, 2000; Green and Botkin, 2003). The views
on the amount of protection needed and appropriate safe-
guards to be used are a much-debated area (Hedgecoe,
2006). Since the intent of pharmacogenomic testing is not
to predict risk or disease, some in the field feel that the need
for consent and genetic counseling is unnecessary. It is true
that requiring the same consent and regulatory requirements
as other genetic tests may block the integration of phar-
macogenomics into clinical care and may potentially
deprive its benefits to patients. Others feel that patient
consent and an open dialogue between patients and clini-
cians on the benefits and potential risks of pharmacoge-
nomic testing would increase awareness and make patients
more willing to use pharmacogenomic testing (Robertson,
2001; Schubert, 2004; van Delden et al., 2004).

16.12.1 Pharmacogenomics Legislation

Concerns such as these have been the impetus for the bill
regarding discrimination and genetic testing, dubbed GINA
(genetic information nondiscrimination act). This bill aims
to prohibit discrimination on the basis of genetic informa-
tion with respect to health insurance and employment. Such
a protection encourages the public to confidently partake in
genetic testing for both health and research purposes. The
bill passed the US House of Representatives and the Senate
and was signed into law (Organization, 2008). Similar steps
have been taken in Europe with less concrete results. The
1997 European Convention on Human Rights and
Biomedicine includes an article prohibiting discrimination
on genetic grounds (Biomedicine, 1997). However, only
four of the present European Union member states have
ratified it: Spain, Portugal, Greece, and Denmark. The
Universal Declaration on the Human Genome and Human
Rights, adopted by United Nations Educational Scientific
and Cultural Organization in 1997, though not legally
binding, states that no one should be subject to discrimi-
nation on genetic grounds and that genetic information
should be confidential (Biomedicine, 1997).

16.12.2 Secondary Information

A second concern regarding pharmacogenomic testing refers
to secondary information. This might be the case when a
patient is genotyped today for an SNP that is predictive of
drug response; however, at some future date, science may be
able to use this genotype to predict a predisposition to a
disease (Netzer and Biller-Andorno, 2004). One example in
which this may be the case is the hepatic arylamine N-
acetyltransferase-2 (NAT2). This enzyme exhibits poly-
morphic activity in which one allele codes for fast acetyla-
tion, and several alleles code for an impaired or slow
acetylation. Thus patients with a slow acetylation genotype
may be at increased risk of ADRs (Tanigawara et al., 2002;
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Soejima et al., 2007). N-acetylation status has also been
associated with an increased risk of bladder cancer
(Cartwright et al., 1982) and lung cancer (Seow et al., 1999).
The same case can be made for UGT1A1*28. Several studies
have explored the association between the number of TA
repeats and breast cancer risk because of its role in estradiol
glucuronidation (Guillemette et al., 2000, 2001; Sparks
et al., 2004). One study in 200 African American women
showed a 1.8-fold increase in breast cancer risk in premen-
opausal women with the (TA)7 and (TA)8 alleles, specif-
ically in ER-negative breast cancers (Guillemette et al.,
2000). Nevertheless, a larger case-control study in Caucasian
women showed no association (Guillemette et al., 2001).
Even though it becomes clear that further studies are needed,
these findings may play a role in patients’ willingness to be
genotyped. There are no significant examples in which
employment or insurance discrimination has occurred based
on genetic data. Trends in public policy and legislation
provide individuals with increased protection from discrim-
ination based on genetic information obtained for clinical
purposes, as reflected in the legislative action outlined in
Section 16.12.1. However, because of the ever-changing
nature of pharmacogenomics, further regulation may be
needed as the knowledge in genetic susceptibility advances.

16.13 PUBLIC HEALTH
PHARMACOGENOMICS

There have been major leaps in pharmacogenomic research,
facilitated by the advent of genomic technologies. However,
discoveries exhibit an asynchronous pace when the trans-
lation of research findings into the clinical setting is taken
into account. To this end, the smooth incorporation of
pharmacogenomics research findings into daily medical
practice is hampered. This phenomenon relates more to
public health genomics rather than pharmacogenomics
research itself (known as Public Health Pharmacogenomics).
Public Health Pharmacogenomics touches upon disciplines,
such as ethics in genomics, economic evaluation in genomic
medicine, genome informatics and knowledge bases, and the
involvement and genetics education of the various stake-
holders in the field of pharmacogenomics.

Individual genomic profiling is anticipated to provide a
highly efficacious therapeutic strategy. However, a gap still
exists between pharmacogenomic testing per se and the
interpretation and utilization of its results in a clinical
setting (also known as translation of genomic results into
patient care) (Patrinos, 2010; Reydon et al., 2012). In this
context, several international organizations have called for
the integration of pharmacogenomics and precision medi-
cine education into core medical curricula, focusing on the
attitude and views of healthcare professionals as well as the
general public. Several studies indicate that both patients
and the general public desire to receive pharmacogenomic

services from healthcare professionals who can confidently
explain the test and interpret its implications for pre-
scriptions. However, a gap still exists between patients’
high expectations and healthcare professionals’ knowledge
(Mai et al., 2011, 2014). Interestingly, an awareness survey
of parties (healthcare professionals, industry, academia, and
government) involved in pharmacogenomics in Japan evi-
denced the same pattern of expectations, even though there
were concerns regarding genetic privacy violations and a
lack of awareness (Tamaoki et al., 2007). Proper in-
terventions at the educational level will definitely increase
understanding, facilitating the incorporation of genetics
into patient care. Furthermore, the stakeholders in question
appear to have a generally positive attitude, despite con-
cerns regarding privacy issues (Mai et al., 2011, 2014).

The cost-effectiveness of pharmacogenomic tests is
another crucial factor if pharmacogenomics testing is to
be adopted in a clinical setting. To demonstrate its eco-
nomic benefits, pharmacogenomic testing requires evi-
dence of clinical effectiveness (Deverka et al., 2010).
Reports on drug treatments for psychiatry (Perlis et al.,
2009), cancer (Carlson et al., 2009), and chronic inflam-
matory diseases (Priest et al., 2006) have presented cost-
effectiveness analyses.

No doubt, the reimbursement policies of healthcare
system payers can hinder the rapid dissemination of phar-
macogenomics (Ginsburg and Willard, 2009). Overall,
pharmacogenomic testing may represent a resource for
healthcare decision makers, leading to an increased quality
of clinical care along with increased economic benefits,
both for pharma and public health. Pharmacogenomic tests,
however, will probably prove to be more cost-effective
rather than cost-saving, or eventually cost-effective only
for certain combinations of disease, treatment, and test and
gene characteristics (Deverka et al., 2010; Flowers and
Veenstra, 2004).

Similarly, pharmacogenomics has to deal with several
issues that relate to genetic discrimination, privacy,
possible implications for access to life and health insurance,
and genetic stigmatization and discrimination (Robertson,
2001; Issa, 2002). In particular, when an individual is
defined as a “responder” or a “nonresponder” to therapeu-
tics, this categorization serves as the new disease label with
social consequences, which involve interpersonal stigma-
tization or identity issues. For economic reasons, pharma-
ceutical companies could voluntarily ignore patients with
rare or complex genetic conditions or those who are not
responding to any known treatment, resulting in a depri-
vation of effective treatments (Rothstein and Epps, 2001).

Another crucial element of concern is the storage of
genomic information in databases, considering the potential
loss of confidentiality or privacy, since databases link
an enormous quantity of genotypic, phenotypic, and de-
mographic data regarding individuals (Vaszar et al., 2003).
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In this regard, protection for privacy and confidentiality has
to be ensured, particularly in the whole genome sequencing
era, as pharmacogenomic tests may carry several types of
secondary information that represent a risk of psychosocial
harm or adverse insurance and/or employment implica-
tions. Moreover, particular genetic subgroups may face
discrimination in accessing health care or health insurance
(Smart et al., 2004).

The above are some of the key factors that relate to
Public Health Pharmacogenomics, which need to be
adequately addressed so that the implementation of phar-
macogenomics in the clinical setting is expedited.

16.14 CONCLUSIONS AND FUTURE
PERSPECTIVES

Research findings have solidified genotype associations
with drug efficacy and/or toxicity in a few cases, which has
been further supported by updates in drug labeling insti-
tuted by regulatory agencies. However, the clinical utility
of pharmacogenetic/pharmacogenomic testing is far from
optimal. Further prospective clinical studies as well as
discovery research and economic evaluation data are
needed to establish utility to genetic information in the
clinic and drug research/development setting. The clinical
implications of pharmacogenomics/pharmacogenomics
also rely heavily on “genethics,” patient awareness, and the
education of healthcare professionals. We stand on the cusp
of precision medicine. The success of this endeavor will
depend on more than knowing the genetic code. Indeed, a
deeper understanding of the intricacies that regulate and
underlie the code is fundamental.
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17.1 INTRODUCTION

While a number of formal definitions exist, in essence
nutrigenomics (sometimes called nutritional genomics)
considers the interactions between foods or dietary
supplements and an individual’s genome and the conse-
quent downstream effects on his or her phenotype. The
field has the potential to provide tailored nutritional advice
or develop specialist food products for populations or for
individuals. It recognizes that appropriate dietary advice for
one individual may be inappropriate or actually harmful to
another. The potential is comparable to that of its sister field
of pharmacogenomics, which considers individualized drug
therapy. The Nutrigenomics New Zealand model (http://
www.nutrigenomics.org.nz) provides an approach to inte-
grating the various available technologies for systems
biology, ultimately directed toward the development of
novel and targeted foods (Ferguson, 2013; Marlow et al.,
2013; Barnett et al., 2014). However, this example also
provides a cohesive and integrated model that can be
applied to other research objectives. Inflammatory bowel
disease (IBD), specifically Crohn’s disease (CD), has been
used as proof of principle.

One of the many challenges in the field is combining the
new developments in systems biology modeling with
classical nutritional approaches to develop a more
comprehensive model, which takes all relevant mechanisms
into account, including phenotype (Evelo et al., 2011; Fan
et al., 2013; Polytarchou et al., 2014). Nutrigenomics offers
a multilevel systems biology model that is both flexible and
rigorous. Because some of the newer tools provide a
sensitivity that has been previously lacking, this field can
be applied to the maintenance of good health as well as to
the amelioration of disease states.

A necessary initial step establishes the nature of genetic
variations relating to the disease or health endpoint of
interest, using the techniques of genetic epidemiology
(Austin et al., 2012). While many studies have measured
variation primarily in the form of single nucleotide poly-
morphisms (SNPs) and haplotypes, an increasing number
of studies are considering copy number variants (CNVs)
(Abel and Duncavage, 2013). Accurate dietary assessment
is also essential (Boeing, 2013; Fallaize et al., 2014; For-
ster et al., 2014). The information generated by these two
approaches can be used as a basis for the design of a cell
line or other high-throughput model that mimics the
genotype and allows large numbers of food fractions or
known dietary components to be tested for their ability to
overcome the phenotypic effects of the variant SNP or
copy number (Nasef et al., 2014; Martin et al., 2015). Food
components thus identified are subjected to further testing
in both in vitro and in vivo models. Animal models permit
the study of defined nutrients, foods, and food components
on the expression of disease, health, or performance-related
genes. Food component-induced changes in gene and
protein expression, metabolite levels, or intestinal micro-
bial populations are measured in appropriate tissues
collected from 2xn mouse experiments using tran-
scriptomics (Barnett et al., 2010), proteomics (Cooney
et al., 2012; Barnett et al., 2013), metabolomics (Lin et al.,
2010; Lin et al., 2011), and microbiome analysis (Bassett
et al., 2015) techniques. These changes can then be used to
build an understanding of how foods impact complex
biological systems to influence disease, health, or perfor-
mance. As well as testing whether any protective properties
of foods identified in vitro can be extrapolated to the more
complex in vivo situations, these studies enable the iden-
tification of biomarkers, for example, protein biomarkers
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for the early and accurate diagnosis of IBD (Bennike et al.,
2014; Park et al., 2014). These are then used as surrogate
endpoints to study the effects of dietary interventions in
small animal models of human metabolism or limited
human clinical trials. Fundamental to the success of this
approach is the ability to maintain large data sets and
analyze complex multidimensional interactions (Ali et al.,
2015).

17.2 NATURE OF GENETIC VARIATION

17.2.1 Genetic Epidemiology

Genetic epidemiology is “a science which deals with the
etiology, distribution, and control of disease in groups of
relatives and with inherited causes of disease in
populations” (VanderWeele et al., 2014).

This field has provided initial proof of principle that
genotypes do profoundly influence responses to diets or to
nutrients in humans (Konstantinidou et al., 2014). A large
number of studies have related variants in individual genes
to disease risk, with varying degrees of success. However,
it will be important that future studies consider more than
just individual gene variants, one at a time. The genetic
basis of many complex diseases appears to be a combina-
tion of relatively small variations in the DNA, typically in
the form of SNPs or CNVs that increase disease suscepti-
bility, rather than directly causing disease. For example,
many of the genes associated with susceptibility to asthma
and allergic response increase the risk of developing the
disease by around 1.2-fold. However, carrying more than
one such variant increases the risk significantly more. The
complex group of genes associated with the major histo-
compatibility complex, and the role that this gene complex
plays in IBD, provide a good example here (Goyette et al.,
2015). Genetic epidemiology considers inherited causes of
disease by looking at inheritance patterns, identifying the
causal genes, and establishing which variants are associated
with disease susceptibility (Abramson et al., 2014). This
field also provides a necessary first step to studying
geneegene and geneeenvironment interactions, including
nutrigenomics (Fig. 17.1).

Familial studies have traditionally been used for linkage
analysis, but with the increased sensitivity of methods for
analyzing genetic variation, such as high-density SNP
microarrays, population studies are being increasingly used
to establish associations between genes and disease risk.
Next-generation sequencing (NGS) approaches also repre-
sent an increasingly promising option.

There has been rapid development of several NGS
platforms, including Illumina, the Applied Biosystems
SOLiD System, 454 Life Sciences (Roche), Helicos Heli-
Scope, Complete Genomics, Pacific Biosciences PacBio,
and Life Technologies Ion Torrent (reviewed in

[Metzker, 2010]). There are also suppliers working on
third-generation (sometimes referred to as next-next-gen)
sequencing methods based on nanopore nucleic
acid sequencing as well as single-molecule, real-time
sequencing technology, which enables native DNA to be
sequenced without cloning or amplification and with
longer read lengths, typically exceeding 5 kilobases (kb)
(Chaisson et al., 2015). All of these enable the relatively
inexpensive production of large volumes of sequence data.

NGS approaches have been applied in the context of
familial studies (Wang et al., 2015a), which, although still
limited in terms of the number of participants due to cost,
represent a great potential for a more comprehensive
dissection of disease heritability in genomic epidemiology
(Wang et al., 2015b). Regardless of the method, the key
steps involve consideration of the following questions:

l Is there a genetic component to the disorder?
l What is the relative size of that component in relation to

other causes of disease susceptibility?
l Which gene(s) are associated with the effect?
l Which are the functional variants in those genes?
l How will those variants interact with diet and/or other

environmental factors to cause the phenotype?

Linkage studies consider the segregation of genes
among family members and depend upon the cosegregation
of two loci (one of which is the disease locus). They are
dependent upon having access to a number of first-degree
relatives for analysis. While association studies may also
be family-based (transmission/disequilibrium test), they are
increasingly being applied to population databases in
genome-wide association studies (GWAS). For example,
the Wellcome Trust Case Control Consortium involved
17,000 subjects, and follow-up studies also examined high
numbers of individuals from different populations
(Wellcome Trust Case Control, 2007). Such studies
initially identified approximately seven variants associated
with CD. Metaanalysis brought this number up to 71
(Franke et al., 2010). However, subsequent studies have
used a higher density SNP chip. For example, the Immu-
nochip, studying more than 75,000 cases and controls,
identified a total of 163 IBD loci that met genome-wide
significance (Jostins et al., 2012). Further high-density
mapping brings this number significantly higher and has
revealed key pathways involved (Goyette et al., 2015).

Twin studies provide important evidence on the genetic
basis of disease by comparing monozygotic (MZ) twins
(who share all of their genetic variants) with dizygotic
(DZ) twins (who typically share half of their genetic
variants). If there is evidence of a higher concordance
between MZ as compared with DZ twins, this implies a
genetic basis for the disease in question (MacGregor et al.,
2000). Disease concordance of less than 100% between
MZ twins implies an environmental component, exactly as
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seen in nutrigenomics. Such evidence has been used to
suggest geneeenvironment interactions in the etiology of
many diseases, including cancer (Lu et al., 2014), celiac
disease (Greco et al., 2002), and schizophrenia (Xu et al.,
2013).

Once there is evidence that the disease has a genetic
basis, it becomes necessary to establish which genes are
important. Much of the traditional work in this area has
involved family studies, which consider allele frequencies
in closely related subjects. Most powerfully, these involve
multigenerational studies of large family pedigrees, but
even parent/child trios can provide useful information.

Segregation analysis can be used in order to establish
Mendelian inheritance patterns or nonclassical patterns of
inheritance, including mitochondrial diseases and genomic
imprinting. These data can be subjected to linkage analysis
in order to localize the crude chromosomal regions likely to
contain the genes relevant to the disease. For example, the
Online Mendelian Inheritance in Man (OMIM) database
(http://www.ncbi.nlm.nih.gov/sites/entrez?db¼omim) typi-
cally identifies chromosome regions, based on linkage
analysis. This yields broad chromosome regions harboring
many genes, where finer resolution comes from recombi-
nation events (meiosis) in families. This approach has often

FIGURE 17.1 Depiction of how genetic epidemiology studies (top), particularly genome-wide association studies, can form the basis of nutrigenomics
studies (bottom). Text boxes provide a description of the workflow of both study types. SNP, single nucleotide polymorphism.
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been used in the past since it does not require many
markers, but it has historically been poor in terms of finding
specific variants. However, NGS-based approaches now
mean that familial studies can be carried out, which include
fine mapping, and are therefore able to identify specific
variants (Wang et al., 2015b). It is important that linkage
studies are not confused with association studies, since they
consider different questions. A comparison of these two
approaches is provided in Table 17.1.

While linkage studies rely on recombinational analyses,
association studies are based on linkage disequilibrium.
This assumes that the SNP or CNV being studied is suffi-
ciently close to the disease gene to result in an allelic
association within the population (Austin et al., 2012;
VanderWeele et al., 2014). CD must be considered as a
successful example of a complex disease in which both
linkage and association studies have been used to locate
and find disease susceptibility genes (VanderWeele et al.,
2014). Nevertheless, these studies are subject to the same
pitfalls as conventional epidemiology, including selection
bias, information bias, and confounding (Faye and Bull,
2011)

17.2.2 Single Nucleotide Polymorphisms

17.2.2.1 Single Nucleotide Polymorphism
Discovery

Fundamental to the success of genetic epidemiology is the
identification of novel associations between SNPs in certain
genes and a particular phenotype. Whether established by
GWAS or identified by decades’ worth of linkage and
candidate gene studies, large amounts of information on the
genetic basis of many diseases is readily accessible through
databases such as OMIM.

The increasing density and falling costs of DNA micro-
arrays, andmore recently of sequence-based approaches, has

made GWAS the method of choice for SNP discovery. A
number of microarray platforms allowing GWAS are
available, but the field is largely dominated by solutions
provided by Affymetrix and Illumina (see also Chapter 19).
Affymetrix SNP chips use photolithography to synthesize
25-mer oligonucleotide probes in situ onto silicon wafers,
with the Human SNP Array 6.0 having probes for>900,000
SNPs and a similar number of CNVs. Assays are performed
by the hybridization of biotinylated cRNA, followed by
washing, staining, and fluorescent detection. Illumina
(https://www.illumina.com/) whole-genome genotyping as-
says use silica microbeads, each uniquely labeled with a 50-
mer oligonucleotide probe. The Infinium HumanCore
BeadChip array family, containing common variant tag
SNPs, additional markers for sample tracking and quality
control, and HumanCoreExome BeadChips, enabling
extended coverage of exonic regions, provides up to
5,000,000 markers that are informative for SNPs and CNVs
as well as mitochondrial DNA. Assays are performed by the
hybridization of unlabeled genomic DNA, followed by
single base extension with labeled nucleotides, washing, and
fluorescent detection. High-throughput sample processing is
enabled by iScan, HiScan, or HiScanSQ scanners.

Irrespective of the platform used, array-based GWAS
provide a powerful new mechanism for the unselected
investigation of disease relationships. Furthermore, an
enormous amount of effort is also being put into bringing
the cost of whole-genome sequencing down into the range
of US $1000 (Ferguson et al., 2016) (see also Chapter 30).

NGS is generally not yet considered to be viable for
large-scale whole-genome approaches, with factors such as
library preparation for large numbers of samples being
prohibitively expensive (Jin et al., 2016). However, it can
be used in a more targeted fashion to identify disease-
associated genetic variants. This can be applied for genes
known to be associated with disease or combined with
complementary genome-wide approaches. For example,

TABLE 17.1 Comparison of Linkage Versus Association Studies

Linkage Studies Association Studies

Family-based Families or unrelated individuals

Matching/ethnicity generally unimportant Matching/ethnicity crucial

Few markers for genome coverage
(e.g., 300e400 short tandem repeats)

Many markers required for genome coverage (105e106 single nucleotide
polymorphisms)

Good for initial detection; poor for fine-mapping Poor for initial detection; good for fine-mapping

Powerful for rare variants Powerful for common variants; rare variant identification generally
impossible

Identifies chromosome regions rather than individual
genes

Identifies individual genes
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one study used a combination of the Roche-NimbleGen EZ
SeqCapV3 capture system and the Illumina HiSeq 2500
Rapid Run sequencing platform to investigate 650 known
disease-associated genes (including untranslated and
flanking intronic regions). The diseases covered by this
approach included cardiac disorders, intellectual disabil-
ities, hearing loss, muscular dystrophy, and complex
Mendelian disorders. This approach identified 12 novel
disease-associated variants (Delio et al., 2015). Further-
more, approaches such as pooled-DNA sequencing can
enable NGS approaches for the identification of low-
frequency and rare variants, which may represent a
significant fraction of heritability not included in custom
genotyping arrays (Jin et al., 2016).

17.2.2.2 Single Nucleotide Polymorphism
Analysis for Nutrigenomics

Because of the rapid proliferation of published GWAS for
many common diseases, SNP discovery is likely to be less
important in nutrigenomics than the ability to genotype a
population for which dietary and phenotype information is
available, allowing correlations to be made. Over 100
different genotyping methods have been described to date,
several of which have been discussed in detail in earlier
chapters of this book. The ideal genotyping assay should
have the qualities listed in Table 17.2.

Appropriate methods exist for genotyping a small num-
ber of samples for a single SNP through to thousands of
samples for thousands of SNPs or even higher. Four of the
most common genotyping methods have been compared for
cost, specificity, and run-time, covering the range from low-
to medium-high throughput (Delvaux et al., 2015). These
authors reported that Tetra-primer amplification-refractory
mutation system-polymerase chain reaction was more cost-

effective, with superior sensitivity to the commonly used
restriction fragment length polymorphism (RFLP), quanti-
tative (q) PCR, or direct sequencing methods.

Huebner and coworkers compared several methods for
studying a triallelic SNP (Huebner et al., 2007). RFLP,
allelic discrimination PCR (ADPCR), TaqMan� (Applied
Biosystems), LightCycler melting curve analysis (Roche
Applied Science), the MassARRAY� System with iPLEX�

chemistry (Agena Bioscience, formerly Sequenom), and
DNA sequencing were used to genotype the triallelic SNP
G2677/T/A (rs2032582) in the MDR1 gene of 73
individuals. Triallelic SNPs are increasingly being reported
in the genome (Haridan et al., 2015) but are often initially
reported as being diallelic due to limitations in common
genotyping methods. To test the various available geno-
typing techniques, assay designs for genotyping analysis
were based on the assumption that there were only two
alleles (G and T), with the ability to detect the rare third A
allele being assessed (Huebner et al., 2007).

RFLP and LightCycler methodologies reported geno-
types for all 73 individuals, whereas the other methods had
missing genotype rates between 4.1% and 5.5%
(Table 17.3). More importantly, however, genotyping error
rates were high for RFLP, ADPCR, and TaqMan�, due
largely to their inability to correctly call the third allele. If
the A allele is removed from the calculations, then the
genotyping error rates for these assays are greatly
improved, particularly for TaqMan� assays. Furthermore, if
the presence of the third allele was known in advance, the
ADPCR and TaqMan� assays could be redesigned to
successfully detect this allele. LightCycler, MassARRAY�,
and sequencing methods were all capable of detecting the
third allele without prior knowledge of its existence,
although for LightCycler and MassARRAY� methods, this
ability initially required the examination of the individual

TABLE 17.2 Attributes of a Desirable Single Nucleotide Polymorphism Genotyping Method for Nutrigenomics

Studies

Attribute Characteristics

Simple assay design An assay should be easily and quickly developed from sequence information and
require as few manual steps as possible.

High throughput Newer methods require high numbers of single nucleotide polymorphisms to be
assayed in (preferably) thousands, or even tens of thousands, of samples.

Robustness The method should tolerate suboptimal DNA quality and minor variations in assay
conditions such as reagent volumes, incubation periods, and temperatures.

Unambiguous genotype calling Genotype calling should ideally be automated if large numbers of samples and/or
genotypes are being assayed.

Affordability When calculating the cost per genotype, the expense of equipment, reagents, con-
sumables, and personnel time should be allowed for.

Reliability The assay must produce accurate and reliable results.
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spectra rather than relying on automated genotype calling.
The LightCycler assay suffered from high genotyping error
rates, irrespective of whether the A allele was included in
the analysis, negating the low rate of missing genotypes
and the ability to detect the third allele. In comparison, the
MassARRAY� and sequencing approaches had much
lower genotyping error rates. The observed genotype fre-
quencies for the MassARRAY� assay most closely
matched the true genotype frequency, demonstrating that
while a high genotype calling rate is important, it is more
important that the genotypes are being called correctly.

Since this study was reported, there have been several
advances in technologies for assessing SNPs, including
droplet digital PCR (ddPCR) applications, such as the
Bio-Rad QX100 system, which combines state-of-the-art
microfluidics technology with TaqMan-based PCR to
achieve highly sensitive and specific target DNA quanti-
fication. In addition to SNP genotyping, this technique can
be applied to CNVs, rare variant detection, and transcript
quantification (Mazaika and Homsy, 2014).

NGS is considered to be a promising approach for the
identification of triallelic SNPs, with one study using
Exome capture and sequencing (Illumina HiSeq, 2000
platform) in 221 Chinese individuals to identify over 2000
triallelic sites (Cao et al., 2015).

Based partly on results from these studies, a combina-
tion of genotyping approaches would seem appropriate,
with the method determined by the throughput required.
RFLP remains the simplest way of assaying a small number
of samples for a small number of SNPs. The equipment and
most of the reagents required to perform these assays will
almost certainly be preexisting in any molecular biology
laboratory, making the only significant cost the restriction
enzyme. However, RFLP assays require considerable
manual input, and the cost per genotype is linear, restricting
its use to studies requiring low numbers of genotypes.
These might include initial or exploratory studies, but the
method would be impractical for the large nutrigenomics

studies required to associate genotype with diet. TaqMan�

assays are PCR-based homogenous assays performed in
96- or 384-well plates with fluorescent detection in a
reverse transcription polymerase chain reaction instrument.
This allows much greater throughput than RFLP, making
TaqMan� assays ideal where an individual or relatively
small number of SNPs need to be genotyped in larger
populations of w100 to several thousands. Due to the
availability of a range of kit sizes, the cost per genotype
tends to go down with an increasing number of samples,
although each SNP must be assayed individually, meaning
the cost per genotype is linear with increasing SNPs.

Increasingly, it is desirable to genotype the large
numbers of SNPs identified in GWAS in a study population
where specific dietary information can also be collected. To
achieve this at an acceptable cost per genotype, multiplexed
assays become necessary. The Agena Bioscience (formerly
Sequenom) iPlex Gold genotyping assay is based on
multiplex PCR followed by a single base primer extension
and allelic discrimination by matrix-assisted laser desorp-
tion/ionization time-of-flight (MALDI-TOF) mass
spectrometry (MS). The Assay Design Suite online tool
(http://agenabio.com/products/massarray-system/software/)
is used to design PCR primers and extension primers for
multiplex reactions, currently up to 40-plex. Primer pools
are created, and PCR amplification of DNA samples to be
genotyped is performed in a 384-well format before unin-
corporated nucleotides are deactivated by a shrimp alkaline
phosphatase treatment. Primer extension is then carried out
on a thermocycler using the iPlex enzyme, followed by the
addition of ion exchange resin to remove ions that would
otherwise interfere with MS detection. Reactions are then
spotted onto SpectroCHIPs, which are small silicon wafers
with an array of 384 spots preloaded with a MALDI matrix
optimized for DNA analysis. Finally, assay definitions and
plate definitions are set up in Typer 4.0 software and spectra
acquired from the SpectroCHIPs in the MassARRAY�

Analyzer, a compact bench top MALDI-TOF MS.

TABLE 17.3 Comparison of Six Common Single Nucleotide Polymorphism Genotyping Approaches for

Genotyping a Triallelic Single Nucleotide Polymorphism

Method Missing Genotypes Genotyping Errors (G/T/A Alleles) Genotyping Errors (G/T Alleles)

RFLP 0 12.3 3.0

ADPCR 5.5 16.9 6.8

TaqMan� 4.1 11.1 1.6

Light cycler 0 10.6 9.5

Sequenom 5.5 0 0

Sequencing 5.5 1.5 1.5

Numbers represent percentages.
Adapted from Huebner, C., Petermann, I., Browning, B.L., Shelling, A.N., Ferguson, L.R., 2007. Triallelic single nucleotide polymorphisms and genotyp-
ing error in genetic epidemiology studies: MDR1 (ABCB1) G2677/T/A as an example. Cancer Epidemiol. Biomarkers Prev. 16 (6), 1185e1192.
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The acquired genotype data can be reviewed in the Typer
4.0 software before export for statistical analysis. In this
way, the MassARRAY� platform is capable of generating
high numbers of genotypes per day at a low cost per
genotype.

17.2.3 Copy Number Variants

A CNV has been defined as a copy number change
involving a DNA fragment that is approximately 1 kb or
larger (Haraksingh and Snyder, 2013). Changes involving
the insertion or deletion of transposable elements are
specifically excluded from the definition (Hehir-Kwa et al.,
2013). There is reason to believe that most humans carry
considerably more genetic variations in the form of CNVs
than had previously been suspected and that these may be a
greater source of human variation than SNPs (Abel and
Duncavage, 2013). It is of interest that CNVs appear to be
enriched within genes that are important in moleculare
environmental interactions, potentially influencing
immune defense and disease resistance or susceptibility in
humans (Barber et al., 2005).

Whole-genome-based analyses such as array compar-
ative genomic hybridization (see also Chapter 15) or the
high-density SNP genotyping arrays from Affymetrix and
Illumina will identify variants and establish their location.
Redon and coworkers used high-density 500 K SNP
genotyping arrays to reveal approximately 1200 CNVs of
varying sizes (approximately 1 kb to over 3 Mb) (Redon
et al., 2006). Such initial studies are being validated
through repeated analysis, involving larger numbers of
patient samples and different populations, using a similar
technology (Hehir-Kwa et al., 2013). However, other
assays are necessary to test specific hypotheses. Quanti-
tative PCR-based methods such as TaqMan� analysis may
be employed, but multiplex ligation-dependent probe
amplification (see also Chapters 15 and 16) is also
increasingly used to identify and screen gene-based
deletions and duplications (Golzio and Katsanis, 2013).
However, Shen and coworkers pointed out that the use of
DNA probes developed for polymorphic nucleotides is not
necessary for CNV identification and detection, and SNP-
based assay design may even hinder successful CNV
detection (Shen et al., 2008). They designed and evaluated
a high-density array that used nonpolymorphic oligonu-
cleotide probes for CNV detection, effectively uncoupling
CNV detection from SNP genotyping. They were able to
detect nearly 200 CNVs, of which approximately half
appeared to be novel. These were independently validated
using quantitative PCR. More sophisticated techniques
have become important since that time (Abel and Dun-
cavage, 2013).

NGS techniques are applicable in the case of CNVs. In
one example, a targeted NGS approach combined capture

array (to capture the coding sequence of 2181 genes
associated with 561 Mendelian diseases) and NGS to
detect mutations within these regions. The approach was
highly accurate (99.95%), and in addition to detecting one
CNV it was also able to detect a range of other mutations,
including 62 SNPs, 14 insertions and deletions (Indels), 1
microdeletion, and 2 microduplications of chromosomes
(Liu et al., 2015).

Other novel methods are also being applied to the
detection of CNVs. As already mentioned, ddPCR can be
used for this application (Mazaika and Homsy, 2014), as can
the NanoString Technologies nCounter� system. This
system is a multiplexed digital counting method based on
fluorescent barcodes, which was originally developed for
gene expression analysis (Geiss et al., 2008). However, it has
beenmodified such that it can be used to derive absolute copy
numbers within an individual (Brahmachary et al., 2014).

17.3 NUTRITIONAL EPIDEMIOLOGY

A fundamental assumption of nutrigenomics is that
multigenic traits can be modified by a combination of
nutritional and other environmental factors. If the field is
to be successfully applied, accurate nutritional assessment
must be a starting point. Traditional methods of analysis
are well documented, for example, Willett, (1995).
However, current assessment tools, including food
frequency questionnaires, diet diaries, or diet recall
methods, are notoriously unreliable. Bingham and
coworkers systematically compared 8 dietary assessment
methods in a sample of 160 women (a simple 24-h recall,
a structured 24-h recall with portion size assessments
using photographs, 2 food-frequency questionnaires, a
7-day estimated record or open-ended food diary, a
structured food-frequency [menu] record, and a structured
food-frequency [menu] record with portion sizes assessed
using photographs) against weighed dietary records
(Bingham et al., 1994). These authors found that 7-day
estimated records or food diaries gave the most accurate
information for standard nutrients. However, a nutritional
role is increasingly attributed to bioactive dietary
components that are not associated with traditional
nutrition. More than 25,000 bioactive food components
have been identified. These may impact health through a
variety of mechanisms (e.g., interactions with the
epigenome), and their effects may be influenced by a wide
range of factors (e.g., genetic variation of the consumer)
(Joven et al., 2014). No food composition database
provides sufficient information on the levels of these
compounds in common foods that could be used to esti-
mate their consumption in the diet. Accurate nutritional
assessment represents a major challenge to the field.

Nutrition researchers require methods of assessing food
intake that will measure what people actually eat, instead of
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what they remember eating. New methods are under
development (e.g., cell phones are being used to report
what people are eating on a real-time basis, using the
camera feature of the cell phone to take a picture of the
meal). The Food4me consortium used a cell phone-
informed online tool of dietary recall and assessment
(Fallaize et al., 2014; Forster et al., 2014).

Traditional food frequency data is useful for deter-
mining a typical intake of macro- and micronutrients, but it
gives no indication of what short-term effects they might
have on phenotype. In the case of CD, where diet can result
in rapid changes in phenotype, knowing what foods people
know they can or cannot eat is the most valuable infor-
mation of all. Thus a qualitative measure of food tolerance
can be used in addition to more conventional methods
(Triggs et al., 2010).

17.4 EXPERIMENTAL MODELS

17.4.1 High-Throughput Assays

While genomic technologies make it possible to simulta-
neously examine the expression of tens of thousands of
genes or detect hundreds of thousands of SNPs, and
metabolomics is moving toward the identification of the
multitude of compounds present in foods (see later), the
tools to test the ability of foods to modulate phenotype
against a specific genotype are also under continuous
development.

One approach that shows promise is the in vitro, time-
resolved fluorescence (TR-FRET) assay. In one study, 49
food extracts from a wide variety of food types (including
grains, meat, fish, shellfish, dairy products, herbs, mush-
rooms, hops, fruits, and vegetables) were tested using
TR-FRET to identify foods that contain Janus Kinase 2
(JAK2) inhibitors (Martin et al., 2015). Variants of the
JAK2 gene, which encodes the JAK2 tyrosine kinase, are
associated with both CD and ulcerative colitis (UC)
(Zhang et al., 2014). Several fruits, such as blackberry,
boysenberry, and feijoa (also known as pineapple guava or
guavasteen), were potent inhibitors of JAK2, and all of
these fruits contain ellagitannins, which are known
inhibitors of kinases. Such assays represent an approach
for very quickly screening large numbers of food com-
pounds for their effects on specific genes.

In vitro approaches can also be used to assess the effects
of foods or food compounds on intestinal barrier functions.
Maintenance of the epithelial barrier is critical to prevent
intestinal contents such as food antigens from entering the
body and causing an inflammatory response. Measuring
trans-epithelial electrical resistance across Caco-2 cell
monolayers (as a model of the intestinal epithelium) is a
proxy for how “leaky” the epithelium is, and this approach
has been used to assess the effects of various probiotics in

maintaining barrier integrity (Anderson et al. 2010a,b).
Such an approach can also be applied to assessing the
effects of food compounds.

Another important factor to consider when investigating
factors linked with intestinal inflammation is the role of the
resident intestinal bacterial population, collectively referred
to as the microbiota. The intestinal microbiota has been
likened to an organ system (Marchesi et al., 2016), which
carries out a wide range of functions that are indispensable
for the human host. There is an increasing body of evidence
that alterations in the microbiota may be associated with not
only intestinal inflammation (Druart et al., 2014; Peterson
et al., 2015) but also a range of other health outcomes,
including obesity (Shen et al., 2014; Anhe et al., 2015).
While investigating the microbiota in its entirety requires
in vivo approaches, in vitro models are being developed,
which can assess the interactions between specific micro-
bial species and the intestinal epithelial cells. An example is
a novel system, which enables the coculture of live obligate
anaerobes with the (aerobic) human intestinal cell line
Caco-2 (Ulluwishewa et al., 2015). In addition to investi-
gating the interactions between microbe and host, such a
model can enable food compounds to be added to the
culture medium and thus provide a better understanding of
the complex foodemicrobeehost interactions that may be
critical for the maintenance of intestinal health.

17.4.2 Animal Models

Because of the complex interactions between foods,
microflora, and host cells that occur within the intestine,
in vitro models are limited in their ability to completely
understand these interactions. While approaches such as
the coculture system described earlier (Ulluwishewa et al.,
2015) represent a significant step, even the most complex
in vitro models will never contain every different cell type
present in the intestinal or other tissues. Therefore in vivo
models are required to gain a better understanding of
changes in phenotype from healthy to disease states and
the effects of foods and food components on this process.

A large number of animal models are available for
specific purposes, conveniently categorized as:

l induced (experimental) disease models;
l spontaneous (mutant) disease models;
l genetically modified disease models;

l transgenic;
l knockouts; and
l chemically induced.

Such models are available for all of the most common
human diseases. In the following example, one specific
group of such models is considered for colonic
inflammation.
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The authors’ studies aim to understand how different
foods or food components might interact with a particular
genotype to cause the chronic intestinal inflammation that
is a hallmark of CD. A systematic approach is needed,
where intestinal parameters are measured at several time
points, during which homeostasis of the intestinal system is
challenged. The impacts on the biological gene and protein
networks are measured, and physiology modeling systems
biology approaches are used to integrate the key drivers of
the effects of foods on intestinal wellness (Fig. 17.2).

Many different rodent models of intestinal inflammation
could have been selected, with one comprehensive review
identifying more than 69 spontaneous and induced rodent
models that have been used for the study of either CD or
UC (Neurath, 2012). This includes inducible colitis models
and gene knockout or transgenic mouse and rat models.
Although there is no one animal model that replicates every
facet of human IBD (Prattis and Jurjus, 2015), all animal
models of intestinal disease should exhibit some key
disease attributes (similarity in morphology changes,
inflammation status, pathophysiology, and time course).
Studies with which the authors are involved are specifically
looking at nutrientegene interactions, using mouse models
in which a well-defined genetic variation is associated with
intestinal inflammation. At least 20 rodent models of IBD
involving single gene manipulations exist, with some of the
symptoms characteristic of IBD (Valatas et al., 2013). Two
have proven to be particularly useful.

17.4.2.1 Interleukin 10 Gene Deficient
(Il10�/�) Mouse

IL10 is an antiinflammatory cytokine, and a defect in the
IL10 gene leads to an imbalance in the inflammatory
responses. While Il10�/� mice (C57BL/6 J/129-Ola back-
ground) have been reported to develop Crohn’s-like colitis
by 12 weeks of age when raised under conventional
conditions (Berg et al., 1996), the level of inflammation
observed is influenced by the background strain. In the case
of the C57BL/6J background, more consistent inflamma-
tion is observed when the Il10�/� mice are inoculated with
Enterococcus faecalis (Balish and Warner, 2002) or
Enterococcus isolates (both faecalis and faecium) in
combination with conventional intestinal flora derived from
healthy C57BL/6J mice raised under conventional condi-
tions (Roy et al., 2007; Barnett et al., 2010). As is the case
in human IBD, the precise mechanism that results in
inflammation in Il10�/� mice is unclear, although evidence
suggests an inappropriate inflammatory response to normal
intestinal flora through activation of the CD4þ th1 cells and
the depletion of their inhibitors, that is, the regulatory
T cells (Kuhn et al., 1993).

Although Il10�/� mice have IBD-like symptoms, vari-
ants in this gene were not initially associated with IBD in

human populations (Klein et al., 2000; Castro-Santos et al.,
2006). However, SNPs near the 30 UTR of the IL10 gene
were associated with UC (Franke et al., 2008), and variants
of the IL10 receptor gene have been linked to early-onset
IBD (Beser et al., 2015). In addition, variants in the IL23
receptor have shown an association with IBD in a number
of population groups, including those from New Zealand
(Roberts et al., 2007), the Netherlands (Weersma et al.,
2008), and Finland (Lappalainen et al., 2008). It has been
shown that the T cell-mediated colitis that develops in
Il10�/� mice may be dependent on IL23 (Yen et al., 2006).
This mouse model has been used by the authors and others
to identify food components that may ameliorate or prevent
human IBD, including polyunsaturated fatty acids (Knoch
et al., 2009; Knoch et al., 2010b; Cooney et al., 2012), fish
oils (Hegazi et al., 2006), flaxseed oil (Cohen et al., 2005),
grape seed extract (Wang et al., 2013; Yang et al., 2015),
and some probiotics (McCarthy et al., 2003; Shi et al.,
2014).

17.4.2.2 Multidrug Resistance Gene Deficient
(Mdr1a) Mouse

The Mdr1a mouse carries a disruption of the multi-drug
resistance gene Abcb1a (a.k.a. Mdr1a), which encodes the
transporter P-glycoprotein 3, or MDR1. MDR1 belongs to
a family of transmembrane transporters, known as ATP-
binding cassette transporters, and a number of mutations
that lead to reduced MDR1 activity have been linked to
IBD (Brant et al., 2003; Ho et al., 2006). In the intestinal
tract, MDR1 is expressed on the luminal surface of
epithelial cells, pumping drugs and toxins (e.g., those
produced by certain strains of bacteria) from the cell
membrane and cytoplasm back into the intestinal lumen
(Ho et al., 2003; Bilsborough and Viney, 2004); thus a
failure to “clear” these toxic compounds may be triggering
and maintaining the spontaneous intestinal inflammation
observed in Mdr1a mice (Panwala et al., 1998; Banner
et al., 2004; Wilk et al., 2005; Dommels et al., 2007).
Furthermore, antibiotic treatment has been shown to
prevent and therapeutically reverse inflammation in Mdr1a
mice, demonstrating a role for bacterial flora in the initia-
tion and progression of inflammation in these mice
(Panwala et al., 1998) and the importance of considering
the bacterial flora in any gut-health studies. The Mdr1a
mouse model is another tool the authors have used to un-
derstand the development of intestinal inflammation
(Dommels et al., 2007) and to test the efficacy of food
components such as curcumin and rutin (Nones et al., 2009;
Cooney et al., 2016) and green tea (Barnett et al., 2013) on
the prevention of this phenotype.

For gene-mutation IBD rodent models as well as
monitoring the effect of food components on the physical
and biochemical signs of inflammation, gene (Knoch et al.,
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2009; Nones et al., 2009) and protein (Cooney et al., 2012;
Barnett et al., 2013) expression, metabolite profiling (Lin
et al., 2010; Lin et al., 2011), and epigenetic changes such
as DNA methylation (Denizot et al., 2015) and chromatin
binding (Chahar et al., 2014) in the colon cells can be
assessed to understand the mechanisms by which changes
in inflammation occur. Changes in the expression of genes
implicated in human IBD, for example, those involved in
processes such as immune response, inflammation, antigen
presentation, and xenobiotic metabolism (Dommels et al.,
2007; Barnett et al., 2010), are of particular interest. This is
the case in terms of the inflammation per se, that is,
establishing or confirming the relevance of a particular
model (Dommels et al., 2007; Roy et al., 2007; Barnett
et al., 2010; Knoch et al., 2010a), and in providing insight
into how particular foods or food components might

ameliorate symptoms linked to human IBD (Knoch et al.,
2009; Knoch et al., 2010b; Cooney et al., 2012; Paturi
et al., 2012; Barnett et al., 2013).

17.4.3 Human Clinical Trials

The ultimate proof that a nutritional intervention is
beneficial to health utilizes a double-blind, placebo-
controlled clinical trial. Optimal study design would
utilize randomly chosen subjects who are prospectively
examined and compared to well-matched control
individuals using genomically-based diagnostic tech-
niques. However, such studies are not cost-effective in
terms of either time or money. Furthermore, an increasing
number of such trials have provided negative or ambig-
uous results, even where there is a very strong reason to
believe that the foods in question are beneficial. Examples

FIGURE 17.2 Systems biology approach employed for animal model studies to understand how different foods or food compounds might interact with a
particular genotype. One output of this approach is a defined set of biomarkers for use in human trials (see also Fig. 17.4).
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would include omega-3 polyunsaturated fatty acids, where
the metaanalysis of several large international studies has
failed to support a benefit against cardiovascular disease
(Hooper et al., 2006). Similarly, despite good theoretical
grounds for the hypothesis, most human intervention
studies on antioxidants have given disappointing results
(Moller and Loft, 2004, 2006). More generally, most
human clinical studies on randomly selected populations
have failed to demonstrate predicted outcomes from
dietary interventions alone. One possible explanation is
that many of the studies have merely provided a better
description of homeostasis, showing the robustness of
health and the adaptability of the human body while not
including the appropriate methodology to assess the more
analytically elusive subtleties of multiple minor changes.
Two approaches to address this lack of results from
clinical studies are yielding fruit and should not be
considered to be mutually exclusive.

17.4.3.1 Subject Preselection or Stratification
According to Genotype

A flow diagram showing how a trial involving subject
preselection or stratification according to genotype might
optimally work is provided in Fig. 17.3.

For example, a study by Hallman and coworkers
reported that they could predict fatty acid profiles in blood
from a combination of dietary fat intake and genotyping of
the FADS1 rs174546 SNP in 1607 participants from the
Food4me study (Hallmann et al., 2015). They were seeking
to improve the ratio of omega-3 to omega-6 poly-
unsaturated fatty acids in the blood, and this was optimized
by combining the dietary intake data with the genotype.
Similarly, a metaanalysis from this same consortium
validated the association between the fat mass and obesity-
associated gene, obesity, and reported food intake
(Livingstone et al., 2015).

17.4.3.2 Challenging Homeostasis

Ultimately, the goal of nutrigenomics is to ensure opti-
mum health. However, the quantification of health cannot
be achieved by applying “absence of disease” approaches.
Intermediate processes such as metabolic stress, oxidative
stress, or inflammatory stress may be more amenable to
biomarker approaches. However, these processes strongly
influence each other, and their complexity means that
there is no completely satisfactory simple biomarker.
Interindividual variation may be larger than the effect
imposed by the treatment, partly because the “con-
founders” cannot be adequately controlled. Genetics,
lifestyle, age, stress, concurrent infections, etc. all deter-
mine the health status of an individual and need to be
quantified.

For these reasons, newer clinical trial designs look to
challenging homeostasis. The concept considers that only
after stressing or perturbing homeostasis can the robustness
(“health”) of the system be demonstrated and potentially
quantified. A classic example in nutrition research is the
oral glucose tolerance test, whereby individuals who have
fasted overnight are provided with a high-glucose bolus,
and the level of glucose in their bloodstream is measured
immediately and again after 2 h. Another example being
studied by the Nutritech consortium is a high-fat challenge
test, where individuals in different states of metabolic
health are compared for “phenotypic flexibility” (Stroeve
et al., 2015). This concept implies that health can be
measured by the ability to adapt to a temporary condition
of stress.

17.5 DEFINING THE PHENOTYPE

The term “deep phenotyping” means “.more complete
descriptions of the physical state of individuals (and, by
aggregation, groups of individuals) than has been possible
in the past.” (Baynam et al., 2015). The justifications for
this are 3-fold:

l Translational research is necessary for the translation of
dietary recommendations but is insufficient in providing
a definitive proof of efficacy.

l Phenotype variability dilutes statistical power and the
strength of association.

l There are differences in pathophysiology over time
within an individual.

A good example is provided by the field of cardiovas-
cular disease, in which three phases can be identified,
whereby it has become increasingly possible to define a
serumelipid profile that differentiates healthy individuals
from those at a significantly increased risk of developing
disease (Fig. 17.4). This modified lipid profile that
integrates not only serum cholesterol but also HDL and
LDL cholesterol provides a basis whereby the effects of a
dietary intervention can be readily measured. The aim is to
move individuals from the “high-risk” to the “low-risk”
profile, with good predictive powers for benefit or
otherwise.

More powerfully, deep phenotyping involves the
application of “omics” technologies to better understand the
underlying biology and metabolism associated with dis-
ease, thereby enhancing diagnosis and potentially identi-
fying improved phenotypic markers of disease state.
International standards are being applied to the develop-
ment of guidelines and standards for these technologies.
For example, Nature Biotechnology has an online com-
munity consultation initiative (http://www.nature.com/nbt/
consult/index.html) that is intended to encourage
researchers to participate across country barriers.
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Because deep phenotyping relies on a suite of new and
emerging technologies, the costs can be considerable. For
example, one cholesterol measurement might cost US
$5e10, whereas an appropriately planned and performed
microarray-based expression experiment could cost in the
order of US $500 per sample. Specialized tissue collection
and complex bioinformatic analysis only add to this cost.
However, the end result of preliminary analyses using these
methods may be a relatively small number of measurements
(be they gene or protein expression events or blood/urine
metabolites), which, when combined, give a very accurate
and precise diagnosis of a disease. Most importantly, such
measures may be possible before there is any obvious
disease onset, providing the ability to prevent or treat
symptoms and therefore improving the prognosis for the

individual in question. Techniques that are becoming
routinely applicable to nutrigenomics research hold much
promise in the field of disease diagnosis.

17.5.1 Transcriptomics

The transcriptome is the set of all messenger RNA (mRNA)
molecules, or “transcripts,” produced in one or a population
of cells (Duffus et al., 2007). The transcriptome reflects the
genes that are being actively expressed at any given time
because it includes all mRNA transcripts in the cell. Tran-
scriptome analyses have used high-throughput techniques
based on DNA microarrays, although increasingly
sequence-based approaches are being applied.

While originally developed using arrays of cDNA “spotted”
onto glass microscope slides, the field of transcriptomics (as in

FIGURE 17.3 Study design for human trials of foods where subjects are preselected or stratified according to genotype. Study participants are ran-
domized to receive either a control diet or an experimental diet that includes the food shown to ameliorate the phenotype associated with a particular
genotype in animal models (see also Fig. 17.2). Biomarkers previously identified in the same animal studies are monitored to rapidly determine if the
experimental diet can restore the nonrisk-genotype profile without the need to follow study participants until the development of disease. These results can
be extrapolated to predict long-term protection against disease development.
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the case of GWAS) is now dominated by microarray solutions
provided by companies such as Affymetrix, Agilent Technol-
ogies, and Illumina. As mentioned previously, Affymetrix ar-
rays, like the SNP chips, consist of in situ synthesized 25-mer
oligonucleotide probes applied using photolithography tech-
nology.Agilent Technologies also use in situ hybridized oligos,

but these are synthesized using piezo-electric (ink-jet) tech-
nology and have a length of 60 bases. Illumina BeadChips use
50-mer oligonucleotides immobilized onto microbeads, which
then self-assemble onto orderedmicrowell-etched substrates. A
summary of the key features of these array technologies can be
found in Table 17.4.

FIGURE 17.4 Example of how deep phenotyping can be used to better define disease risk. Since the 1950s it has been recognized that cholesterol levels
are associated with an increased risk of cardiovascular disease but that the predictive power of cholesterol levels was relatively poor (top panel). In the
1980s it was demonstrated that a wider lipid profile investigating HDL and LDL was an improved predictor of cardiovascular disease (middle panel).
More recently, a detailed examination of lipoprotein subfractions has been used to establish much more accurate cardiovascular disease risk predictions
(lower panel). Dietary intervention can then be used to alter an individual’s lipid profile to shift him or her from the high-risk to the low-risk profile.

TABLE 17.4 Features of Three Currently Available Expression Array Technologies

Supplier Affymetrix Agilent Illumina

Feature Oligonucleotide Oligonucleotide Oligonucleotide

Length 25-mer 60-mer 50-mer

Color One-color One- or two-color One-color

Number of unique
probes

w5,500,000 (x1 sample/
chip)

w44,000 (x8 samples/
slide)

w48,000 (x12 samples/slide, 15-fold
redundancy)
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The use of RNA-Seq (i.e., transcriptome profiling using
NGS) is increasingly being applied for transcriptomics
studies. RNA-Seq is considered to be superior to
microarrays, with advantages such as a better detection of
low-abundance transcripts, enabling detection of genetic
variants, and having a broader dynamic range than micro-
arrays (Zhao et al., 2014). However, while the cost is
rapidly decreasing, RNA-Seq is still more expensive than
comparable array-based technologies, and the relatively
large amount of data it yields presents a challenge both in
terms of storage and analysis. For this reason microarrays
are still more commonly used (Zhao et al., 2014). As is the
case for other NGS applications, a range of platforms can
be used for RNA-Seq analysis.

For a genome-wide measurement of gene expression
changes associated with intestinal inflammation in both
Il10�/� (Barnett et al., 2010) and Mdr1a mice (Dommels
et al., 2007), Nutrigenomics New Zealand has used Agilent
Technologies microarrays. Briefly, cyanine-3- and cyanine-
5-labelled cRNA is synthesized from purified colon RNA
and hybridized to Agilent mouse whole-genome arrays.
The slides are scanned using an Agilent Technologies
microarray scanner. The digitized data are aligned, and the
spot intensity data are downloaded as text files using
Feature Extraction software. Linear models for microarray
analysis (Bioconductor) (Smyth, 2005) are then used for the
normalization and identification of differentially expressed
mRNA with multiple comparisons to minimize false dis-
coveries using internationally recognized standards (Cheng
and Pounds, 2007). Bioconductor (http://www.
bioconductor.org) is open source and open development
software for the “analysis and comprehension of high-
throughput genomic data.”

The assessment of data from RNA-Seq experiments
brings additional challenges. Whereas microarray probes
are based on the existing knowledge of a reference
sequence, this is not the case with all data from RNA-Seq.
The simplest and most accurate approach involves the use
of curated annotations, but it is also possible to use
computational approaches, either genome-guided (in which
sequence reads are aligned to a reference genome) or de
novo (where the reads are assembled without the aid of
reference data). As described in one comparative study
(Janes et al., 2015), using curated annotations is superior to
available computational approaches.

As is the case for microarrays, Bioconductor workflows
are available for the analysis of RNA-Seq data, for
example, the “rnaseqGene” package, which enables align-
ment to a reference genome, read counts, quality assess-
ment, analysis of differential gene expression, and visual
exploration of RNA-Seq data (Love et al., 2015).

Having identified differentially expressed mRNA
probes, there are many approaches with which to interpret
the biological significance of these changes, for example,

understanding the biological pathways and/or functions to
which they contribute. We have utilized applications such
as Ingenuity Pathways Analysis (IPA; http://www.
ingenuity.com/) for the analysis of transcriptome data
from a variety of studies (Knoch et al., 2009; Barnett et al.,
2010). IPA, now part of the Qiagen “family,” is a web-
based application that uses a curated knowledge base of
information to enable the interpretation of a range of omics
data, including microarray and RNA-Seq transcriptome
data. Because of the proprietary knowledge base on which
it relies, the use of IPA software represents a significant
cost. However, there are also many free analysis packages
that are available, such as DAVID (http://david.abcc.
ncifcrf.gov/) for analyzing candidate gene lists; PathVisio
(www.pathvisio.org; discussed in more detail later with
respect to integrating omics data sets) for pathway statistics
and data visualization; and Cytoscape (www.cytoscape.
org) for visualizing and integrating complex networks.
The authors have also used approaches such as gene set
enrichment analysis (performed using Bioconductor),
which, unlike gene-centric analyses, takes into account the
expression of a group of genes (e.g., those in a common
pathway) as a whole, rather than examining individual
genes (Russ et al., 2013). This allows for the fact that al-
terations in the activity of biological pathways may be
manifested by small but consistent changes in the expres-
sion of multiple genes within that pathway.

17.5.2 Epigenomics

Epigenetic mechanisms, including DNA methylation, his-
tone modifications, and noncoding RNAs, are increasingly
recognized as important in the regulation of cellular pro-
cesses in response to environmental stimuli such as diet.
Epigenomics is the analysis of these mechanisms on a
genome-wide level. While the genome provides informa-
tion about the potential nature of the cellular proteins, and
the transcriptome can show which of these proteins are
currently being transcribed via mRNA, epigenetic mecha-
nisms represent a key point at which the expression of
genes can be regulated.

A range of techniques is available for the assessment of
epigenetic changes. As is the case with genome and tran-
scriptome studies, many of these are moving toward the
assessment of genome-wide analyses, such as methylation-
specific amplification microarray (MSAM) to screen for
changes in methylation status across the genome (Keller-
mayer et al., 2010) or ChIP-on-chip to determine changes in
histone modifications at a genome-wide scale. Not surpris-
ingly, as the use of genome-wide approaches increases, so the
use of NGS technologies is also becoming increasingly
important in the assessment of changes in the epigenome. For
DNA methylation this can include such methods as MSA-
Seq, in which the methylation-specific amplification used
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for MSAM is adapted for NGS techniques. In the case of
histone modifications, ChIP-Seq is used rather than array-
based approaches, although as is the case for RNA-Seq,
ChIP-on-chip is still an attractive option due to the
relatively lower cost and ease of analysis (Yoder, 2015).NGS
can be relatively easily applied to the assessment of non-
coding RNA, in some cases enriching the sample for small
RNA species such as miRNAs prior to sequencing. As is the
case for all high-throughput approaches, the biggest chal-
lenge is in the analysis of the large quantities of data that are
available and in linking these to the other omics data sets.

17.5.3 Proteomics

Proteomics is the analysis of the protein complement pre-
sent in a cell, organ, or organism at any given time (Bay-
nam et al., 2015; see also Chapter 21). While the genome
provides information about the potential nature of the
cellular proteins, the actual protein composition (“the pro-
teome”) ultimately determines the phenotype. Fundamental
technologies for the separation of proteins and/or peptides
are one- and two-dimensional gel electrophoresis and one-
and two-dimensional liquid chromatography, typically
coupled with MS (see also Chapter 24). Baynam et al.
(2015) provide a comprehensive description of current
technologies for proteome fractionation and the separation
of biological samples.

In order to allow direct comparisons with gene expression
measurements, the same tissue sample can be extracted to
provide a source for both RNA and protein. This is possible
using TriZOL reagent or kits such as the AllPrep DNA/RNA/
Protein Mini Kit (Qiagen), which purifies RNA, DNA, and
protein from the same cell or tissue sample.

The model of intestinal inflammation again provides an
exampleofworkflow inproteomics.Theproteomicmethod that
has been commonly employed within Nutrigenomics New
Zealand is two-dimensional gel electrophoresis using differ-
ential in gel electrophoresis (DIGE) technology, by which
proteins differentially expressed during intestinal inflammation
can be recognized and subsequently identified using MS tech-
nology. Although multidimensional liquid chromatography-
MS approaches are increasingly being applied for qualitative
and quantitative proteome analysis (as reviewed in Di Palma
et al., 2012 and Wu et al., 2012), a combined two-dimensional
DIGE/MS approach is still widely used. For example, a
PubMed search for “proteomics 2D DIGE” identified 160
publications in 2014, and we have published studies that have
utilized this technique (Barnett et al., 2013;Cooneyet al., 2016).

17.5.4 Metabolomics

Metabolomics is increasingly being used in human nutrition
and applied in a wide range of studies, including IBD and
other autoimmune diseases (De Preter and Verbeke, 2013;

Ismail et al., 2013; Coughlin, 2014; Dawiskiba et al., 2014;
Fiocchi, 2014; Kang et al., 2015). The ultimate goal is to
understand the effects of dietary components on human
metabolic regulation. Knowledge is accumulating as to how
changes in the nutrient content of the human diet lead to
changes in metabolic profiles. These are complex, because
they result from at least three different sets of signals:

l nutrients and bioactive compounds that are absorbed
from the diet,

l xenobiotics that are absorbed and metabolized from
their environmental sources, and

l the large-bowel microflora, which also produces signif-
icant metabolic signals.

Metabolic profiling uses pattern-recognition statistics on
assigned and unassigned metabolite signals and the
collection of comprehensive data sets of identified metab-
olites. The technology has the potential to distinguish be-
tween different dietary treatments, which would not have
been targeted with conventional techniques. The field faces
significant technical challenges due to the sheer number of
potential metabolites and the widely varying chemical and
physical properties of them. Thus the ultimate success of
this approach will be heavily dependent upon the devel-
opment of libraries of small molecules to aid in metabolite
identification. However, a key advantage to metabolomics
is the potential for relatively noninvasive tissue collection
(e.g., fecal, urine, blood, buccal swabs, or breath volatiles).

Two key technologies for metabolomics research are
nuclear magnetic resonance (NMR)- and MS-based. For
example, urine metabolites associated with inflammation in
the Mdr1a mouse model have been identified using NMR
analysis (Dryland et al., 2008), and gas
choromatographyeMS technology has been applied in the
case of the Il10�/� model (Lin et al., 2010; Lin et al.,
2011). It is anticipated that either of these approaches will
be applicable to human samples.

17.5.5 Microbiota Analysis

As already mentioned, there is an increasing body of evi-
dence that the population of microbes inhabiting the
gastrointestinal tract, collectively known as the intestinal
microbiota, plays a vital role in human health. This includes
carrying out a range of metabolic processes that are
essential to the host, such as the synthesis of vitamins,
supporting the notion that the microbiota has been likened
to an organ in its own right (Marchesi et al., 2016). Because
of the essential role of the microbiota, it is clear that
changes in the structure and/or function of these bacterial
populations can have important implications for disease,
including intestinal inflammation (Druart et al., 2014;
Peterson et al., 2015) and obesity (Shen et al., 2014; Anhe
et al., 2015).
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The study of intestinal microbes has previously been
limited due to the need for culture-based techniques, which
are extremely difficult for the strictly anaerobic bacteria that
comprise the vast majority of the microbiota. However,
DNA-based, culture-independent techniques, and in
particular NGS approaches, have revolutionized the study
of the microbiota. Not only can the species composition of
the microbiota be accurately assessed using 16s rRNA
sequencing, but comprehensive sequencing of the collec-
tive microbial genome (the so-called “metagenome” or
“microbiome”) also enables the functional capacity of the
microbiota to be assessed, while RNA-Seq approaches
allow the expression of microbial genes to be assessed,
providing unprecedented insight into the functional status
of the microbiome at a given time. Due to the complex
relationship between the host and microbial genomes, this
information can be integrated with, for example, assess-
ment of the host’s gene expression profile to understand
how the complex interplay between host and microbial
genes may impact the health of the host.

17.5.6 Biomarkers

A biomarker provides a surrogate endpoint that indicates a
probability of disease. The use of biomarkers to predict dis-
ease states (e.g., blood pressure for cardiovascular disease) has
been effective in directing clinicians’ recommendations for
intervention and treatment. Similarly, biomarkers can be used
as indicators of disease risk reduction following dietary
manipulation (Bennike et al., 2014; Park et al., 2014). The
importance of identifying biomarkers is to identify signs of
disease susceptibility as early as possible, so that interventions
have a good probability of impacting the progression of dis-
ease and improving outcomes. A desirable nutrigenomics
research agenda should include the investigation of a set of
changes that lead to a desirable health endpoint. These
changes should be investigated in observational studies in
carefully selected populations, with nutrient/dietary pattern
exposure data calibrated using specific validated exposure
biomarkers. This would be a substantial intervention devel-
opment/initial testing research enterprise, including small-
scale human feeding studies with biomarkers of disease risk
as outcomes, before there is collaborative agreement among
basic, clinical, and population scientists for assessing readi-
ness for dietary intervention randomized controlled trials.

It is beyond the scope of this chapter to comprehen-
sively cover biomarkers, but more details are provided
online (http://biomarker.encode.net.nz/). While there is
value in developing and validating biomarkers for specific
disease states, such as cancer (Heckman-Stoddard and
Smith, 2014), there may be more value in general bio-
markers of disease processes such as inflammation
(Nanau and Neuman, 2012; Serban and Dragan, 2014),
since this is involved in a considerable number of

different diseases. Important advances utilize genomic
technologies for biomarker discovery. For example, there
is evidence that the broad application of proteomic tech-
nologies has the potential to accelerate our understanding
of the molecular mechanisms underlying disease and may
facilitate the discovery of new drug targets and diagnostic
disease markers (Park et al., 2014). These authors
describe the current technologies for proteome fraction-
ation and separation of biological samples, based on their
own laboratory workflow for biomarker discovery and
validation.

17.6 INTEGRATING COMPLEX DATA
SETS: DATA MANAGEMENT,
BIOINFORMATICS, AND STATISTICS

The model that Nutrigenomics New Zealand has selected
for tailoring foods according to genotype requires an
intelligent choice of food sources, fractionating these foods
into class fractions and chemically characterizing food
sources and food components for use in “high-throughput”
nutrient sensor arrays. For example, initial screens sug-
gested that several fruits, including blackberry, feijoa, and
pomegranate, might be good sources of compounds to
counter CD in specific populations (Martin et al., 2015).
High-throughput screens have been used to generate data
for a food-component efficacy database, which is integrated
into the bioinformatics platform and then used to choose
material for testing against other diet/genome targets
appropriate to health, performance, and/or disease. Very
large data sets are generated by these means.

A major initiative is necessary to deliver bioinformatics,
biostatistics, and database resources for nutrigenomics
studies. This typically involves the establishment of a
relational database, which can be interrogated for re-
lationships between genetic variation and disease states
plus the impact of diet in human populations. It also re-
quires the development of formal infrastructural platforms
for bioinformatics and database resources in order to
analyze microarray and proteomics data on gene expression
patterns, identify clusters of affected genes, discover human
analogues, and extrapolate this information to human health
or disease. Reducing the dimensionality of these complex
data sets remains a significant analytical challenge (Kaput
and Dawson, 2007), and it has been noted that there is an
increasing lag between the ability to generate “big” data
and the ability to analyze these data sets effectively (Alyass
et al., 2015).

A range of tools is being developed to address the
challenges of dealing with large omics data sets. This in-
cludes packages such PathVisio, which was first released in
2008 (van Iersel et al., 2008) as a graphical editor for
biological pathways with a particular focus on interpreting
high-throughput data sets. PathVisio has undergone
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continuous development since its first release, with
numerous plug-ins developed and the ability to integrate
with external databases such as WikiPathways. It has also
been used to integrate data sets from different analyses, for
example, mRNA and microRNA (Kutmon et al., 2015).
Another useful tool is “mixOmics” (http://mixomics.org/
introduction/), which is in the R free software environ-
ment (https://www.r-project.org/). mixOmics has a partic-
ular focus on graphical representations to study
relationships between two “omics” data sets and better
understand their complex associations (Gonzalez et al.,
2012). One review summarized the available so-called
“translational” platforms, which integrate clinical and
omics data in the context of personalized medicine (Canuel
et al., 2015). Such platforms must be able to store and
integrate clinical and omics data and enable analysis and
access to external databases as well as ensuring the privacy
of individuals’ data. These challenges clearly also need to
be met in the case of personalized nutrition.

17.7 CONCLUSIONS

The Nutrigenomics New Zealand model provides an
approach toward personalized, genotype-based nutrition
that has the potential to provide food products and
personalized advice to benefit health at the individual or
population level. There is convincing evidence that SNPs in
certain genes may profoundly influence the biological
response to nutrients. However, the effects of single-gene
variants on risk or risk factor levels of a complex disease
tend to be small and inconsistent. Increased sensitivity of
current biological measurements plus methods of inte-
grating information on combinations of relevant SNPs or
CNVs in different genes will become necessary to move the
field to a higher dimension. Many of the challenges are in
bioinformatics, especially in relation to reducing the
complexity of multidimensional data sets (Coughlin, 2014;
Fiocchi, 2014; Eijssen et al., 2015). To date, there are only
sporadic examples of clinical trials utilizing these technol-
ogies, and we have not investigated the potential adverse
effects of a genotype-derived dietary intervention. There
are many issues to be addressed before genomic approaches
become broadly accepted for guiding food development or
nutritional recommendations.
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Chapter 18

DNA Microarrays and Genetic Testing

A. Deshpande and P.S. White
Los Alamos National Laboratory, Los Alamos, NM, United States

18.1 INTRODUCTION

Since DNA microarrays were first introduced in the early
1990s, applications of this technology have expanded
beyond understanding gene expression anomalies in dis-
ease and identifying biomarkers to routine use in diagnosis
and prognosis. Moreover, as this is a detection platform,
innovations in types of arrays have increased the diversity
of markers that can be probed for, leading to applications in
genetic testing that range from cancer staging and risk
estimation of cancer and Mendelian diseases to diagnosis of
autism spectrum disorders and prenatal disease diagnosis.
The ever-expanding information on the human genome,
transcriptome, and metabolome has further facilitated the
adoption of this technology to custom biomarker detection
for various applications.

DNA microarrays are platforms that allow for the
simultaneous detection of multiple nucleic acid-based
signatures (sequences unique to the target organism be-
ing searched for) in a single sample. Traditional micro-
arrays have been two-dimensional solid surfaces (glass,
plastic, or silicon) that have multiple (hundreds of thou-
sands to millions) of DNA fragments/genomic DNA
covalently linked to them. Upon exposure to a sample of
interest, these probes hybridize to a target that has been
labeled with a fluorophore to allow detection. A classical
microarray application involves four major steps: sample
labeling (following nucleic acid extraction), hybridization
to the microarray platform, signal detection by imaging,
and data analysis and interpretation. This technology has
revolutionized how we study biological processes and
identify and apply biomarkers for disease diagnosis and
prognosis. DNA microarray technology is now mature
and routinely used with several commercial manufacturers
of standard and custom microarrays (Agilent, Affymetrix,

Illumina, etc., Stanford microarray database). A new type
of DNA microarray platform has also emerged: the three-
dimensional array, which uses micro- and even
nanometer-sized microspheres that allow for the covalent
linkage of probes and detection with flow cytometry,
microscopy, or other detection instruments (Rödiger et al.,
2014). These are commonly called suspension arrays and
offer different features that solid microarrays do not. A
cursory literature search for the keywords “microsphere
arrays AND genetic testing” between 2010e15 yields a
total of 17,500 publications in just 5 years, versus 17,200
publications for the keywords “microarrays AND genetic
testing” for the same time frame. Given the relatively new
arrival of microsphere arrays, it seems that suspension
arrays have gained broad acceptance and application in a
shorter period of time than solid phase microarrays that
have been in existence for approximately three decades.

The key feature of microarrays is that they are a type of
detection platform that facilitates multiplexing or the
simultaneous detection of multiple markers in a single
sample. A diagnostic assay has the following broad com-
ponents: one or more signatures that the assay probes for,
an assay chemistry that finds that signature using one or
more probes, a detection format that allows for the
reporting of the found signature, and data analysis that
takes the reported signal from the detection format, pro-
cesses it, and provides a definitive result for the sample.
Multiplexing can be accomplished at the assay chemistry
level or the detection platform level. Microarrays can serve
as both the platform where assay chemistry, such as hy-
bridization, detects a signature and a platform that captures
the product of a separate signature detecting multiplexed
assay chemistry, such as a polymerase chain reaction (PCR)
or ligation. This versatility of microarrays lends itself to
diverse applications as well as diverse biomarkers. The
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field of cancer research contributed immensely to the
identification of gene expression biomarkers that can be
used to study cancer progression or diagnose cancer
(Kulasingam and Diamandis, 2008; Trevino et al., 2007).
Today, microarrays are no longer merely used for gene
expression analysis but also for the detection of diverse
genetic alterations such as insertions, deletions, single
nucleotide variants (SNPs), repeats, alternative splice
junctions, and alterations in DNA methylation patterns
(Trevino et al., 2007).

This chapter will cover the different types of solid and
suspension DNA arrays and their application to genetic
testing in humans. It is meant to provide a broad overview
rather than focusing on one specific area, such as cancer, as
the assay chemistries, types of signatures, and detection
chemistries can be generalized across different applications.
Moreover, due to the maturity of this field, applications of
microarrays have become diverse. It seems relevant to
provide the reader with a glimpse of the breadth currently
in existence along with examples of new innovations in the
types of assays that work toward making this technology
both high throughput and multiplex capable at lower costs.
While today’s microarrays can use both RNA and DNA as
probes for detection, this overview will describe applica-
tions that use DNA probes.

18.2 DNA MICROARRAYS

This section will cover information on both solid support
and suspension arrays and concludes with a comparison
between the two broad types. The data analysis component
of these technologies will not be discussed in detail, but
readers can refer to Allison et al., (2006) or Dr�aghici (2003)
for information on this topic. Both detection platforms have
their own methods of normalization and data processing,
and due to the mature nature of the field, several companies
provide data analysis packages that go with the detection
instrument. Fundamentally, both platforms primarily use
fluorescence detection, some form of normalization using
background signals, and either ratiometric or absolute value
reporting. Several statistical packages are further used for
data analysis, depending upon the application of the plat-
form to diagnostics or understanding the biology of disease.

18.2.1 Solid Phase or Two-Dimensional
DNA Microarrays

The roots of DNA microarrays can be traced back to tech-
niques from the 1970s of replica plating and generating
DNA spots on nitrocellulose paper, cloned DNA fragments
that were detected using radiolabeled probes (Bumgarner,
2013). In this version, the sample of interest was immobi-
lized, and the detection probe was in suspension, but the
assay chemistry was still hybridization. DNA microarrays of

today screen a sample by immobilizing the detection probe
of a known sequence, and the unknown target is in sus-
pension. Thus the concept of screening a sample with mul-
tiple probes simultaneously was common to both techniques.
The evolution of better detection techniques using fluores-
cence, better methods of manufacturing solid platforms for
DNA probes, and the explosion of genetic sequence data
together led to the development of the modern day two-
dimensional microarrays that are routinely used in clinical
practice. Bumgarner (2013) provides an excellent, concise
description of the history of DNA microarrays.

Solid phase or two-dimensional microarrays can be
broadly divided into three types, depending on their function:
quantification of gene expression, detection of a specific ge-
netic signature like an SNP or a unique sequence, or a change
in the quantity of a signature like copy number variation or
aneuploidy. Fig. 18.1 shows an example of the typical steps
found in two-dimensional microarray analysis that include
nucleic acid extraction, fluorescent labeling, hybridization to
the array, and readout by scanning for fluorescence. The un-
derlying chemistry is hybridization, and the type of probe
immobilized on the solid support determines what the
microarray can be used for.Microarrays can be functionalized
with oligonucleotides (cloned or synthesized), cDNA, or
PCR products by either spotting on glass slides or direct
synthesis on the chip, as is done by some commercial
companies.

Quantification of gene expression can be performed by
directly measuring the hybridized target to a probe (one
sample system; Dyrskjøt et al., 2010) or through a com-
parison between the expression of the test sample and a
reference sample. This is called comparative hybridization.
Both methods employ hybridization for their assay chem-
istry. Arrays are functionalized (covalently linked) with
cRNA-specific oligonucleotides, and the total RNA is
extracted from test samples (and reference samples) and
reverse transcribed to produce labeled cDNA or subse-
quently transcribed to produce labeled cRNA. Probes can
be either cloned (bacterial artificial chromosomes) or syn-
thetic oligonucleotides or PCR products. The product
(cDNA or cRNA) is hybridized to the array, following
which the array is scanned and fluorescent spots identified.
In the case of comparative hybridization, the labeling of the
test and reference sample cDNA or cRNA can be done
using different colored fluorescent dyes, and a fluorescence
ratio is calculated to determine expression differences be-
tween a reference and test sample. This method looks for
upregulation or downregulation of gene expression and can
be used to study the biology of disease progression like
cancer or the pathogenesis of hypertrophic cardiomyopathy
(Bos et al., 2009). This assay does not require any ampli-
fication, and this type of a chemistry is useful for under-
standing the biology of a disease or discovering biomarkers
that can be used for genetic disease diagnostics,
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understanding the etiology of cancer, staging cancers, and
monitoring disease progression.

Changes in the copy number of a gene or chromosome
number can also be detected by the same comparative
method commonly called comparative genomic hybridi-
zation (CGH), and the microarrays are commonly known
as chromosomal microarrays (CMAs). Array CGH is
routinely used to compare the copy number variation in
cancerous tissue with normal tissue when DNA from both
types is run on microarrays. CMAs have seen application
primarily in cancer and autism spectrum disorder detection
(Wapner et al., 2012). In fact, CMAs have become so

mature these days that according to some, they should be
considered as part of the initial diagnostic evaluation of
patients with autism spectrum disorders (Shen et al., 2010).
Miller et al. (2010) conducted a comparative analysis be-
tween CMA and G-banded karyotyping across 33 different
studies to understand the limitations and benefits of using
CMA over standard cytogenetic techniques to diagnose
individuals with developmental disabilities and congenital
anomalies. They concluded that CMA has a significantly
higher diagnostic yield and recommended that this
technique be used as a first-tier cytogenetic test and
replace G-banded karyotyping for patients that do not

FIGURE 18.1 An example of steps that occur during the process of DNA microarray analysis: nucleic acid extraction, labeling, hybridization, and
scanning to read the fluorescence (https://en.wikipedia.org/wiki/DNA_microarray#/media/File:Microarray-schema.jpg public domain, https://en.
wikipedia.org/w/index.php?curid¼13359806https://en.wikipedia.org/wiki/File:Microarray-schema.jpg#file).
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show obvious signs of a recognizable syndrome. They
developed an algorithm and decision tree that can be
applied following the use of CMAs for patients with un-
explained developmental disabilities or congenital
abnormalities.

SNP arrays have been used for determining disease sus-
ceptibility and for measuring the efficacy of customized drug
therapies and even loss of heterozygosity analysis in cancer.
In addition, SNP arrays are now being used to detect copy
number variation (Mao et al., 2007; Framboise, 2009). Probes
consist of allele-specific sequences with the SNP of interest
included in the probe. An amplification step of the DNA in a
test sample such as multiplex PCR is almost always used to
enhance the sensitivity of SNP detection by the microarray.
Advances in amplification include whole genome amplifica-
tion following a restriction digest of the genomic DNA
(Kennedy et al., 2003; Matsuzaki et al., 2004). The amplified
product that is also labeled is then allowed to hybridize to
various allele-specific probes on the array. Alternatively, a
single base extension (SBE) is performed via PCR amplifi-
cation of specific SNP-containing regions, fragmentation of
the product and array-based hybridization, and enzymatic
SBE on the array using fluorescently labeled dideoxy nucle-
otide phosphates (ddNTPs) and signal detection (Kurg et al.,
2000; Steemers et al., 2006). SBE can also be conducted in
solution prior to capture on the microarrays (Milani et al.,
2006). SBE allows for the application of SNP arrays to DNA
samples that may be degraded and not amenable to restriction
digestion like those from paraffin-embedded tissue samples.
The method described above requires the design of multiple
PCR primers for all targets of interest as well as separate
hybridization probes for the array for SBE. In another clever
variation, a 2-fold PCR reaction (multiplex followed by uni-
versal) is conducted using the same primer pair designed to
have modular components that first bind to the target genomic
DNA sequences immediately upstream of the SNP site. This
reaction generates multiple copies of the SNP-containing
target and a universal primer pair complement. Following
universal PCR that amplifies all the SNP targets using a single
primer pair, the products are hybridized using the first primer
pair oligos now hybridized to arrays, and SBE is conducted
using four colored ddNTPs and detected (Krjutskov et al.,
2008). This approach has two main advantages over the
standard SBE process. First, as the PCR products hybridized
to the microarray are shorter, there is no need for a frag-
mentation step. Second, primer design is efficient and cost-
effective, as high-level multiplexing is possible using the
same primers for PCR and SBE (a clever strategy to simplify
assay design).

SNP arrays were developed for the express purpose of
genotyping individuals. However, advances in data pro-
cessing and analysis have now allowed the same arrays to
be used to detect both gene and chromosome (aneuploidy)
copy number variation (Mao et al., 2007).

A new class of signatures that has shown clinical rele-
vance is epigenetic modification such as DNA methylation,
covalent modification of histones, and microRNAs or
miRNAs that serve as transcription regulators (Esteller,
2008; Portela and Esteller, 2010). In particular, miRNAs
have become important as biomarkers for tumor develop-
ment, progression, and chemosensitivity (Volinia et al.,
2006; Wang et al., 2011). Therefore many microarray
manufacturing companies have started developing chips for
miRNA detection (Wang and Xi, 2013). A challenge with
the detection of miRNAs is the relative low abundance in
samples compared to genomic DNA or mRNA targets.
While amplification of the target is a standard way to in-
crease abundance, the size of miRNAs (20e22 base pairs)
makes PCR more challenging. Zhou et al. (2011) used
silica nanoparticles (SiNPs) to concentrate the miRNAs and
detection by surface plasmon resonance. miRNAs from a
test sample are first captured in suspension on SiNPs,
allowing for better washing prior to hybridization onto
microarrays. The miRNA-capturing SiNPs are then
captured onto DNA microarrays through DNAeDNA hy-
bridization. Detection of miRNAs occurs using
nanoparticle-enhanced surface plasmon resonance imaging.
DNA methylation patterns have also been shown to be
prognostic for various cancers, and while there may not be
a specific oligonucleotide probe for methylated DNA, as
there is no change in sequence, microarrays can be used to
capture methylated DNA following enrichment procedures
like immunoprecipitation and quantify relative abundance
when compared to reference materials using the standard
CGH approach (Weng et al., 2009).

Data processing and analysis for microarrays is fairly
complex, and variations in the production of labeled tar-
gets, hybridization protocols (e.g., wash steps hybridization
times), capture probe uniformity, probe length and
composition, and detection formats (e.g., Streptavidin-
Phycoerythrin detection versus Cy3 detection) all play
into the resulting signal measured on the microarray. In
addition, diverse methods of data analysis exist, and while
many companies may provide software packages for
commercially available microarrays, scientific design of
controls into each test are key to accurate data interpreta-
tion. Dyrskjøt et al. (2010) provide a good description of
the various methods of data processing and data analysis
and therefore this will not be repeated in this chapter.
Making scientific data open source and accessible to both
researchers and developers alike has encouraged the
development of open access databases for microarrays such
as the Gene Expression Omnibus from the National Center
for Biotechnology Information and Array Express from the
European Bioinformatics Institute. These databases follow
standards developed by the Functional Genomics Data
Society (FGED) through the Minimum Information About
a Microarray Experiment (MIAME; Brazma et al., 2001).
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The six most critical elements contributing toward MIAME
are:

the raw data for each hybridization (e.g., Affymetrix raw
data file format, Genpix result files);

the final processed (normalized) data for the set of
hybridizations in the experiment (study) (e.g., the gene
expression data matrix used to draw the conclusions from
the study);

the essential sample annotation, including experimental
factors and their values (e.g., compound and dose in a
dose-response experiment);

the experimental design, including sample data re-
lationships (e.g., which raw data file relates to which
sample, which hybridizations are technical, which are
biological replicates);

sufficient annotation of the array (e.g., gene identifiers,
genomic coordinates, probe oligonucleotide sequences, or
reference commercial array catalog number); and

the essential laboratory and data processing protocols
(e.g., what normalization method has been used to obtain
the final processed data).

The International Standards for Cytogenomic Arrays
(ICSA) is a consortium of clinical cytogenetics and mo-
lecular genetics laboratories that collaborate to develop
protocols for the use of CMAs (as described above); make
recommendations for the standards of design, resolution,
and content of cytogenetic arrays; develop standards for the
interpretation of CMA data; and maintain an online data-
base for copy number variation data and disease associa-
tions to facilitate research and biomarker selection.

18.2.2 Suspension DNA Microarrays

The application of microbeads or microspheres as platforms
to capture nucleic acids for detection was first introduced in
the early 2000s with flow cytometry being the detection
mechanism (Nolan and Sklar, 2002). Microsphere arrays
are now routinely used as suspension arrays in micro-
fluidics platforms and immobilized on solid surfaces
(Rӧdiger et al., 2014). This section will focus primarily on
suspension arrays using microspheres, as this format has
different features compared to any type of solid phase
array, be it covalently linked DNA probes on glass slides or
covalently linked DNA probes to immobilized micro-
spheres. Compared to standard planar DNA microarrays,
suspension arrays seem to be easier to use, are often
reasonably priced, and have faster hybridization kinetics
(Dunbar, 2006). A significant feature is flexibility in array
preparation as different types of microspheres can be used
as arrays (Deshpande and White, 2012). These include
isotropic microspheres that are dyed with a spectrum of
fluorescent dyes, which are used in many commercially
available FDA-cleared genetic tests (e.g., Cystic fibrosis

testing kits drug metabolizing enzyme kits by Luminex
Molecular Diagnostics, Inc.). These microspheres have a
single size. The best example is the microsphere array from
Luminex, which is about 5.4 mM in diameter. Arrays for
analysis of up to 500 markers are available through this
company. Anistropic particles can also be used to develop
arrays; rather than encoding on fluorophore intensity or
color, they are synthesized using polymeric, oxide, and
metallic materials and have a range of sizes, shapes, and
particle densities. They can be encoded not only optically
but also by shape, size, and composition, thereby increasing
the range of multiplex (Cederquist et al., 2010). Examples
of anisotropic particle arrays include Raman dye-labeled
particles, quantum dot barcodes, notched silicon particles,
metal nanowires, Illumina Veracodes, oblong dot-coded
particles, and magnetic barcoded hydrogel microparticles
(Cederquist et al., 2010; Chen et al., 2013; He et al., 2008).
Readout methods for these arrays include optical micro-
scopy, Raman spectroscopy, and flow cytometry. Planar or
solid phase microarrays need several washing steps and
specialized instrumentation for signal detection, such as a
laser scanner, whereas many suspension array assays can be
read out with conventional laboratory equipment like a flow
cytometer or a fluorescence microscope.

In terms of assay chemistry, while the capture of targets
onto suspension arrays is via hybridization, various
solution-based chemistries can be employed prior to the
capture and readout, and therefore amplification of the
targets is more feasible than what can be done with planar
two-dimensional arrays. The capture of target is also per-
formed in solution, and as the capture oligos are not
spatially constrained, there is more flexibility for capturing
longer PCR products. Additionally, different assay chem-
istries like ligation for target detection can also be per-
formed more easily. Kipp et al. (2011) demonstrated the
use of the multiplex ligation-dependent probe amplification
assay for the detection of deletion markers for alpha thal-
assemia and evaluated its utility in clinical sample testing
after implementing the assay at the Mayo clinic in
Rochester, Minnesota (Kipp et al., 2011). Target detection
occurred via the ligation of probes followed by the ampli-
fication of the ligated products using universal PCR
primers. The amplified ligated probes were then hybridized
to suspension arrays, and readout occurred on a Luminex
flow cytometer. Another interesting chemistry was
demonstrated by Li et al. (2014a,b) to enable the detection
of unlabeled targets through the covalent linkage of sus-
pension arrays to cleverly designed stem loop oligonucle-
otide probes that sterically block a biotin linked to the
probes. Upon hybridization to the target (miRNA in this
case) the conformational switch of the immobilized probe
exposes the biotin, which can then be labeled with a
Streptavidin-Phycoerythrin and detected by flow cytom-
etry. Only specific targets would hybridize, and release
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changes the conformation of the immobilized probe. Ad-
vantages of such a design are that the test sample does not
need to be labeled nor is there a need for labeling with
multiple dyes. This technique was demonstrated in a small
multiplex assay for detecting miRNAs associated with
nonsmall cell lung cancer, but the design could easily be
used for detecting any nucleic acid target.

Suspension arrays can be made universal through the
use of design strategies that incorporate the complement to
the microsphere-arrayed probes in the probe that is per-
forming solution-based detection of the target. Consider the
example shown in Fig. 18.2.

On the left panel is the example of an array that has
been designed to capture PCR product for a specific target.
Multiplex PCR can be performed in solution, and micro-
spheres are covalently coupled to oligonucleotides bearing
a complementary sequence to the specific PCR product that
needs to be resolved from the mix of PCR products. This
design requires the development of custom suspension ar-
rays for every multiplex PCR reaction and can drive up the
costs of assays. Additionally, any substitution of probes in
the existing assay would require a different microspheree
oligonucleotide combination to be included. The right
panel shows the Multiplex Oligonucleotide Ligation-PCR
chemistry adapted to be used with suspension arrays in

the Deshpande and White lab. In this case, target detection
occurs via the hybridization and ligation of specific probes
that have been designed to include two modular compo-
nents: a universal PCR primer complement and a comple-
ment for capture onto suspension arrays that are coupled to
standard universal oligonucleotides. In this design, if the
probes were to be substituted with others, the only new
design would be for the probe that would be a complement
for the substitute signature. The exact same suspension
array can be used as long as the probe design includes the
appropriate modular component for capture onto the same
array. Multiplex PCR can also be designed in the same
way.

Functionally, suspension arrays can be used for the
quantification of gene expression, the detection of unique
signatures and SNPs, and the detection of a change in copy
number (gene or chromosome), much the same as solid
phase arrays. However, due to the shorter lifetime of this
platform, its use in clinical settings is not as routine as solid
phase microarrays. The best application of suspension ar-
rays has been for the detection of signatures amplified using
multiplex PCR and captured via hybridization to the mi-
crospheres (Markou et al., 2011; Nishigaki et al., 2010).
This design has been applied to not only the detection of
unique DNA signatures but also the detection of the

FIGURE 18.2 Use of suspension arrays to readout multiplex polymerase chain reaction (PCR)-based detections of nucleic acid signatures (left panel)
and multiplex ligation PCR-based detection. In this picture, the use of TaqMan probes is not for signature detection but rather the capture of the amplified
target onto the microsphere via the hybridization of the TaqMan probe to one of the amplicon strands. In essence, PCR primer pairs and TaqMan probes
used in real-time PCR are used in a multiplex reaction such that the PCR primers amplify a specific target, and the TaqMan probe that would have been the
detection component is used to capture the target amplicon onto the microsphere, thus effectively helping to resolve the multiplex reaction.
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expression of unique prognostic biomarkers in cancer.
Multiplex PCR on mRNA extracted from isolated circu-
lating tumor cells followed by capture and readout on
suspension arrays has been demonstrated as a low-cost,
easy technique for studying the expression of prognostic
markers (e.g., KRT19, a specific epithelial marker of
prognostic significance; ERBB2, which indicates a
response to therapy; TWIST1, a marker of epithelial-to-
mesenchymal transition; and MAGEA3, correlation with
metastasis) in small volume samples (Markou et al., 2011).

SNP detection using suspension arrays is commonly
performed using the SBE technique similar to that used on
solid phase microarrays. Fig. 18.3 shows the results of
genotyping a sample using a simple 11-plex assay devel-
oped for the detection of TNF alpha promoter variants and
applied to the study of HPV 16-associated cervical cancer
susceptibility (Deshpande et al., 2005). DNA samples
representing cervical cancer cases and controls from 787
Hispanic and non-Hispanic Caucasian women were
screened for 11 SNPs using this assay, which included PCR
of the promoter region followed by in-solution SBE in four
separate reactions, one for each ddNTP. Rather than using
four different suspension arrays, the same array was able to
be used, because the SBE primers included separate tags
that allowed for the capture of the SBE reaction and readout
on the flow cytometer. Samples were also read in 96-well
plate formats, allowing high-throughput processing. As

can be seen from the figure, the genotype of the individual
(homozygous or heterozygous) for each SNP is easily
identifiable by the fluorescence intensity seen on the Y axis.

A rapid technique for the detection of aneuploidy was
demonstrated by García-Herrero et al. (2014) where bac-
terial artificial chromosomes were covalently linked to
microspheres and used to detect microdeletion syndromes
normally tested by karyotyping by fluorescent in situ hy-
bridization (FISH). There is a growing need for rapid pre-
natal testing, and assays using suspension array technology
are being considered as a tool for a first screen followed by
confirmation using karyotyping.

The level of multiplex for suspension arrays is definitely
not as high as what Affymetrix or Agilent microarrays can
achieve. On the other hand, due to the solution-based
chemistries, the throughput of assays using suspension ar-
rays is far higher, because all steps can be performed in 96-
or 384-well plates, allowing for a larger number of samples
to be tested. Thus suspension arrays may be more amenable
to large-scale screening applications (population screening
for a particular biomarker) than solid phase arrays. In
addition, reaction kinetics are better in suspension than
solid phase, as seen in a comparative analysis of cancer
miRNA-detecting arrays of three types: locked nucleic acid
microarrays (LNA), bead arrays, and low-density TaqMan
real-time PCR arrays (Wang et al., 2011). As compared to a
hybridization time of 16 h required for LNA arrays, the

FIGURE 18.3 Demonstration of 11-plex assay to genotype a human DNA sample for TNF alpha promoter single nucleotide variants using single base
extension and capture on suspension arrays.
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bead arrays required just 1 h. The authors concluded that
intraplatform reproducibility was acceptable for all three
platforms, but interplatform reproducibility required better
normalization strategies for the diverse raw data generated
from the three platforms.

Table 18.1 compares and contrasts solid phase and
suspension DNA microarrays. While both types of arrays
have diverse applications, traditional microarrays seem
more amenable to use in understanding the biology of
disease and biomarker discovery, while suspension micro-
arrays can be better applied to disease diagnosis using
targeted markers, particularly in large-scale screening ap-
plications. This may be primarily due to the degree of
multiplexing, which is much higher in the case of two-
dimensional microarrays (but the throughput is lower).
Thus two-dimensional microarrays can go deeper, and
three-dimensional microarrays can be broader. There are
ways to get around the multiplexing limitations through
massively parallel processing, but this has to be done
within practical limits.

18.3 NEW DEVELOPMENTS IN DNA
MICROARRAYS AND GENETIC TESTING

Genetic testing using microarrays can be performed for
disease risk estimation (Mendelian diseases like inherited
cardiac disorders; Ingles et al., 2011; Hegde et al., 2008),
prenatal disease detection, cancer staging, mental disorders

(Rooms et al., 2011), and even pharmacogenetic testing
(Yoo et al., 2009; Lagraulet, 2010; Abul-Husn et al., 2014).
The field of genetic testing for personalized medicine
shows a lot of promise, but it is still not universally adopted
due to challenges associated with inconsistent in-
terpretations of results, the complex interplay between ge-
netic influence and environmental factors on drug response,
and ethical considerations in regard to data sharing. “As
such, the personalized medicine paradigm now includes the
utilization of individual genetic data in conjunction with
other clinical, family, and demographic variables to inform
decisions on disease prevention, diagnosis, treatment, and
prognosis” (Abul-Husn et al., 2014). Traditionally, genetic
testing was controlled by the healthcare professional, and
orders were sent to clinical labs on behalf of the patient.
However, the concept of direct to consumer (DTC) testing
that was introduced in 2007 has gained considerable mo-
mentum, with several companies offering services for ge-
netic risk estimation for various diseases (e.g., 23andMe,
deCODEme, Navigenics). It has been projected that the
global DTC genetic testing market will reach greater than
$230 million by 2018 (PRWeb, 2012).

Both solid phase and suspension microarrays have seen
an explosion of use in genetic testing, and many companies
have developed standard test kits that can be used in
diagnostic labs as well as research settings. As mentioned
before, microarrays have seen the most use in cancer,
prenatal screening, and mental disorder diagnoses.

TABLE 18.1 Comparative Analysis of Solid and Suspension Arrays

Features Solid Phase DNA Microarrays Suspension DNA Microarrays

Detection
chemistry

Hybridization Hybridization

Assay
chemistry

Hybridization, PCR, ligation Hybridization, PCR, ligation

Biomarkers
interrogated

Unique signatures, insertion/deletions, repeats, SNPs,
copy number variations, aneuploidy

Unique signatures, insertion/deletions, repeats, SNPs,
copy number variations, aneuploidy, DNA
methylation

Plex level High (thousands to millions of markers) Moderate (hundreds)

Throughput Low to medium (tens of samples) High (hundreds of samples)

Stronger
application

Biomarker discovery, understanding etiology of disease,
quantitative

Disease diagnostics, semiquantitative

Cost for stan-
dard assay

Single kit, 5e6 samples, thousands Single kit, up to 96 samples, thousands

Sample
preparation

Standard extraction protocols for DNA and RNA Standard extraction protocols for DNA and RNA

Assay time Up to 48 h Up to a single working day

Readout Laser scanning, surface plasmon resonance Fluorescence detection, spectroscopy, flow cytometry

PCR, polymerase chain reaction; SNP, single nucleotide variant.
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Guidelines have been proposed for the use of microarrays
in standard clinical practice for the diagnosis of chromo-
somal abnormalities (Manning and Hudgins, 2010), and
there is a push for the use of microarrays (solid phase or
suspension) as rapid screening tools for markers too small
to be detected by the gold standard cytogenetic techniques
such as G-banding or FISH.

While traditional descriptions of DNA microarrays only
focused on solid phase detection platforms, given the
expansion of assays using suspension arrays, it seems
relevant to expand the definition of DNA microarrays and
describe both types of platforms. The field of DNA
microarrays has reached a fairly mature stage, and the use
of this detection platform has become mainstream. How-
ever, there are still challenges of cost and throughput that
researchers are developing ideas to address. The following
paragraphs provide a glimpse into some promising platform
designs that could help achieve the golden goal of high
throughput and high multiplexing simultaneously.

The use of magnetic gold nanoparticles, together with
readout on solid phase glass slides, is an interesting idea being
worked on to improve the throughput of solid phase micro-
arrays and reduce costs per sample. SNP arrays traditionally
suffer from lower discrimination due to melting temperature
differences between hybridizing probes.A solution to this is to
perform SBE reactions to identify the SNP, which can also be
done on a solid phase microarray. However, if performed in
solution, reaction kinetics enable more efficient base exten-
sion reactions, the products of which can then be captured on
suspension arraymagnetic gold nanoparticles (Li et al., 2012).
Once captured, the suspension arrays are then immobilized for
readout by spotting on low-cost glass slides. This format is
conducive for applications to large-scale SNP detection on a
large number of samples.

Paper-based detection platforms have been the focus of
research in an effort to address the expensive instrumen-
tation that is needed to perform readouts of DNA micro-
arrays, whether they are solid phase or suspension. There
have been quite a few applications of paper-based assays
for the detection of protein biomarkers, and Song et al.,
(2014) have demonstrated a paper-based DNA array tech-
nology by combining cellulose probe coupling with hy-
bridization using capillary transport. The design using
paper was exactly the same as that used for suspension
arrays. Standard cellulose filter paper was functionalized so
that it could be covalently coupled to oligonucleotide
probes via carbodiimide chemistry, akin to what is used for
microspheres and oligonucleotides that capture PCR prod-
ucts from a multiplex PCR reaction arrayed on paper
similar to that for glass slides. PCR products were labeled
with paramagnetic beads as opposed to a fluorophore, and
the PCR product was allowed to diffuse through the paper
by capillary action. Amplified targets hybridized to the
specific capture oligonucleotide on the paper, and due to

the naturally brown color of the paramagnetic beads, there
was a visual detection of the positive sample.

Using a clever probe-design strategy, Li et al. (2014a,b)
introduced the concept of universal solid phase microarrays
that can bind to DNA, miRNA, protein, and small mole-
cules on a single slide. They developed a DNA
nanostructure-based microarray platform, where the nano-
structures covalently linked to glass slides were DNA
tetrahedral, carrying three amino groups and one single-
stranded DNA extension. The researchers used
self-assembly of four oligonucleotides followed by high-
performance liquid chromatography purification to
develop the tetrahedral, which were then covalently
coupled to glass substrates via amineealdehyde in-
teractions. The three amine vertices of the tetrahedral were
used to immobilize the probe onto the glass surface, and the
single-stranded DNA extension serves as the probe that can
be differentially modified to bind nucleic acid, protein, or
small molecules like cocaine. While only proof of principle
has been shown here, this research demonstrates a path
toward making microarray technology competitive by us-
ing low-cost substrates like aldehyde-functionalized glass
and multifunctional probes. As mentioned before, universal
suspension arrays are used routinely by designing modular
complementary tags to the probes used in solution chem-
istries for detecting a target. However, the scope of such
“universal” DNA arrays is restricted to coupling to different
assay chemistries like PCR, hybridization, or ligation.

While next-generation sequencing (NGS) is gaining
ground, and there are projections that this technology will
replace all other forms of molecular analysis, there are sig-
nificant challenges associated with the cost of implementa-
tion of NGS and the standardization of data processing and
analysis (Pant et al., 2014). Operationally, microarray-based
assays are still faster and easier to interpret, as seen in direct
comparisons by researchers. Juneau et al. (2014) compared a
microarray-based and an NGS-based quantification of Dig-
ital Analysis of Selected Regions (Norton et al., 2012) assay
products from maternal cell-free (cf) DNA obtained from
878 maternal venous blood samples. Microarrays provided
more accurate cfDNA analysis than NGS and could be
performed in less time. The key underlying issue was the
difference between targeted data generation versus irrelevant
data that has to be sifted through just because it is generated.
More is not always good.

In the realm of human genetic testing, the application of
microarrays, solid phase, or suspension is limited to human
genetic and epigenetic markers. However, as more research
points toward the complex influences of the human
microbiome on human disease (Cho and Blaser, 2012),
microbiome markers may need to be included with human
genetic markers in testing. Community genome arrays,
functional gene arrays, and phylogenetic microarrays have
already been developed and are in use to understand the
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microbiome composition, function, and role in health and
disease (Paliy and Agans, 2012; Tottey et al., 2013; Chen
et al., 2014). It seems to be only a matter of time until
microbiome biomarkers are discovered and included in the
portfolio for genetic disease diagnostics.

In today’s world of cost savings and process efficiency,
perhaps the greatest challenge that the field of DNA micro-
arrays faces is not what biomarkers it can be applied to but
rather what would be the most informative and relevant
microarrays that could be used rapidly and at a low cost.With
increasing competition from other multiplexing technolo-
gies, such as real-time PCR and NGS, microarrays will need
to be more focused, simpler to use, require cheaper detection
instruments, and disposable. Innovations will continue to be
seen in assay chemistries, data-processing algorithms, and
the application of new biomarkers.
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19.1 INTRODUCTION

High-throughput technologies for gene-expression and
sequencing assessment [microarray or next-generation
sequencing (NGS)] have vastly improved the ability of
life scientists to detect and quantify sequences as well as
the expression of genes, proteins, and metabolites. A vast
number of bioinformatics tools have been developed to
analyze and extract information from the experimental
data. At the same time, systems biology studies the
behavior of biological components such as molecules,
cells, organisms, or species “as a whole.” The primary aim
of systems biology is to use and discover computational
models of interacting genes, proteins, and cells aiming to
“discover” and “reproduce” the underlying molecular ma-
chinery. Gene regulatory networks (GRNs) are the part of
systems biology that deals with the modeling of gene in-
teractions in a cell. These models have been developed to
mathematically model GRNs. Most GRNs are based on
laboratory experimental observations, which make their
generation, validation, and curation very difficult and time-
consuming tasks.

An important requirement for biologists is the need to
associate gene-expression measurements with GRN reg-
ulatory machinery in order to get biologically relevant
insights. Using information from GRNs in gene-
expression data analyses, biomedical researchers aim to
extract more accurate and meaningful results. In a general
setting, given a certain GRN or part of it (a subnetwork), a
particular gene selection process could focus (or “priori-
tize”) just on the genes participating in the network. On
the other side, the systems biology community takes
advantage of the decoding and functional annotation of
the human genome and high-throughput technology to
automatically reconstruct and validate GRNs. The
fundamental underlying assumption of the approach is
that strong associations of genes in gene-expression

profiles are indications for respective gene-to-gene (even
distant) interactions in a GRN.

19.2 NEXT-GENERATION SEQUENCING
PIPELINES

The process required for extracting information from an
NGS experiment can be divided into three processes: pri-
mary analysis, whereby the raw sequence reads are ob-
tained from the sequencer; secondary analysis, whereby the
ported NGS reads are assembled with the human reference
genome; and tertiary analysis, which produces an inter-
pretation of the results of the alignment.

The output from current NGS instruments consists of
sequenced reads containing nucleotides independent of the
experiment type or the machine used. A number of bioin-
formatics tools exist for the remaining analyses, which
focus on preprocessing, assembling, annotation, and data
interpretation bioinformatics tools used to analyze NGS
data depending on the experiment [RNA-Sequencing
(RNA-Seq), targeted or genome sequencing, and de novo
sequencing]. A variety of software applications have been
developed to tackle a number of NGS shortcomings Before
sequence reads from NGS platforms can be assembled to a
target reference sequence, the data must be “preprocessed”
to “clean” the data for subsequent analyses. Preprocessing
may involve filtering out low-quality reads, changing the
file formats, generating statistics on produced reads or
nucleotide changes, or trimming the ends of reads. Various
software tools and packages can be used for data pre-
processing, including the Genome Analysis Toolkit
(GATK) (McKenna et al., 2010) and the Fastx-Toolkit,
which is implemented with other software at the Galaxy
online toolkit (Goecks et al., 2010; Giardine et al., 2005;
Blankenberg et al., 2001). Once the reads have been
“cleaned” one needs to assemble the sequence, where reads
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are aligned to the reference genome. Using the Burrows-
Wheelers Aligner (Li and Durbin, 2010) the sequenced
can be aligned to the human reference genome, which is
constantly updated. Once the genome has been aligned, the
reads stack to what is known as coverage (the number of
reads aligned to the reference sequence at a given location).
Various research discusses the importance of having deeper
coverage and locations where coverage is low or nonexis-
tent due a number of factors, including sequence repeats,
gaps, and read quality. Having the genome aligned, one can
graphically represent the alignments and view variants
(differences) from the reference genomes using visualiza-
tion tools, including the Integrative Genomics Viewer
(Thorvaldsdottir et al., 2013).

A variant is described as a location on the aligned
sequence that has different nucleotides from the selected
reference genome. NGS technologies can identify different
types of variants, including insertions, deletions, single or
tandem substitutions, and structural variants like copy
number variants. Software used to call variants includes
GATK and SAM Tools (Li et al., 2009a).

The variants called from the reads need to be annotated
(i.e., described). There are various software or toolkits that
are used for annotation. These include Annovar (Wang
et al., 2010) through Galaxy, SnpEff (Cingolani et al.,
2012). These software solutions use various algorithms and
databases to give information regarding the novelty of
variants using dbSNP and the 1000 Genomes Project,
variants’ locations, effects on the protein sequence, and
other information, depending on the chosen parameters.
Using an HGMD database one can also annotate variants
with regard to whether they cause a disease or are associ-
ated with a disease/disorder predisposition. Different al-
gorithms have been designed to find out if exonic variants
are damaging to the protein structure or if one can predict it
by Sorting Tolerant From Intolerant (Flanagan et al., 2010),
Polyphen-2 (Adzhubei et al., 2010), or the UMD-Predictor
(Frederic et al., 2009).

The final part in the analysis of sequenced genomes
consists of finding the differences in variants between cases
and controls. This analysis involves filtering techniques and
statistical techniques. For example, to analyze family-based
sequencing data, one should look at the open source
SeqHBase toolkit. SeqHBase (He et al., 2015) allows for
the detection of de novo variants found in families and
highlights inherited homozygous or compound heterozy-
gous mutations, which are found in effected samples in a
given pedigree.

To extract information from RNA-Seq one can use
Tuxedo protocol, which is based on the Bowtie, Tophat,
and Cufflinks software. Bowtie (Langmead et al., 2009) is
used as a fast short reads aligner to a reference genome. The
aligner works on multiple cores and uses the Burrows-
Wheeler index for low memory usage, thus it is claimed
that it can “align more than 25 million reads per CPU hour

with a memory footprint of approximately 1.3 gigabytes.”
Tophat (Trapnell et al., 2009) is used to align RNA-Seq
reads with a reference genome and discovers known or
novel splicing mutations. The alignment is done using
Bowtie, and Tophat allows Bowtie to align reads to
different locations to be able to discover novel splicing
junctions. Tophat was tested on previously analyzed RNA-
Seq experiments, discovering almost 20,000 unknown
splice junctions. For RNA-Seq, the third analysis involves
finding the differential expressed genes, which can be done
using Cufflinks (Trapnell et al., 2013). Estimating the
abundances of aligned reads using statistical tests and
regulation in RNA-Seq finds genes that are differentially
expressed between control and case data sets.

19.2.1 Next-Generation Sequencing
Bioinformatics Packages

With the decrement of sequencing costs, research projects
are focusing on sequencing a greater number of samples,
resulting in the need for protocol standardization, high-
performance computing (HPC), and storage space. A
number of bioinformatics tools have been developed,
including yabi (Hunter et al., 2012), which is an open
source software that is adaptable to a range of both plug-
gable execution and data backend runnable on high-
performance computers. Yabi allows the creation of anal-
ysis workflows through graphical interface or command
line driven, which could be reused on different raw or
processed large-scale biomedical data sets, including those
generated with NGS platforms. Yabi can be administered
through a web-driven console without the constant need for
IT administrators.

Cloud computing is a solution for HPC and storage
where data is stored and analyzed from an online server
(hosted internally or on the web), commonly referred to as
“in the cloud.” There are a number of bioinformatics
packages for NGS using cloud computing. Myrna
(Langmead et al., 2010) is an open source cloud system
used to analyze RNA-Seq, focusing on Bowtie and Bio-
conductor (an R package) for analysis. This application can
be used on a local machine or on a cluster to take advantage
of HPC. Galaxy is an open source web-based platform used
as a bioinformatics platform for NGS analysis. It contains a
set of tools for manipulation and filtering of data, mapping,
RNA-Seq, and variant calling. Galaxy can be used on their
freely available web cloud or set up on a local network.
There are commercially available cloud-based solutions,
including the Amazon Elastic Compute Cloud (http://aws.
amazon.com/ec2/), which can work with the 1000 Ge-
nomes Project and others. The Beijing Genomics Institute
(BGI) offers a commercial solution, BGI Online, to analyze
NGS data. BGI Online promises to “provide easier and
more effective solutions for a wide range of problems faced
by bioinformaticians. With more robust software, a high
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level of data security, and well-designed data logistics, BGI
Online liberates researchers from the constraints of limited
storage space, high labor costs, data delivery, and endless
command lines in data analysis.”

19.3 MOLECULAR PATHWAY ANALYSIS:
WHY AND WHAT?

High-throughput, and in particular microarray technology,
has advanced life scientists’ ability not only to detect but
also to quantify gene expression for targeted phenotypes.
Initial expectations were that microarrays would reveal
specific gene coexpression patterns (gene signatures) for
various phenotypes, but the utility of gene-expression
profiles seems to be bounded by a number of limita-
tions, mainly because of the complexity and the individ-
ual variations and heterogeneities associated with the
induced gene signatures (Ein-Dor et al., 2005;
Iwamoto and Pusztai, 2010).

The usual computational task involving gene-
expression data concerns the selection of the most
discriminant genes. Due to limitations in DNA microarray
technology, higher differential expressions of a gene do not
necessarily reflect a greater likelihood of the gene being
related to a disease, and therefore focusing only on the
genes with the highest differential expressions might not be
the optimal procedure. Fig. 19.1 provides an artificial, still
indicative example of the limitations in analyzing solely
gene-expression data. Sample cases 1, 2, and 3 are assigned
to the “POS” class (phenotype in the biomedical domain)
and sample cases 4 and 5 to the “NEG” class. At first sight

we may observe that no sole gene or group of genes can
discriminate between the two classes (“POS” and “NEG”).
Initiating a decision tree inductive process could do this; all
of the tree branches conclude to multiclass assignments.

Confronted with such limitations, the bioinformatics
and systems biology research communities focus on more
enhanced methodologies that utilize knowledge from
known and established molecular pathways, especially in
the form of GRNs, in an effort to combine and couple such
knowledge with gene-expression data. GRNs encompass
additional biological features, such as the network’s to-
pology and the underlying gene-to-gene interactions (i.e.,
expression activation, inhibition etc.) that may efficiently
address relevant statistical barriers in gene selection
(Hung et al., 2012). In particular, gene interaction knowl-
edge solves the major problem of conflicting constrains
when two significantly upregulated genes increase the
enrichment of the gene set in expression data, even if the
first gene inhibits the other in a GRN.

Fig. 19.2 highlights the paradigm shift from themining of
differential gene-expression patterns to the mining of GRN
functional subpaths. Using the previous example, we
matched the samples against known subpaths of GRNs. The
first subpath, “IL-1R/TRADD,” satisfies cases 1, 2, 3, and
5; the second subpath, “IL-1R / TRADD �j FLIP,” sat-
isfies cases 1, 2, and 3; the third subpath satisfies all samples;
and the fourth subpath does not satisfy any case. The second
subpath yields the maximum differential power, and it con-
tains a potential function differentiation since it consists only
of samples that belong to the “POS” class. In the figure, “/”

represents an activation interaction, i.e., if the source gene is

FIGURE 19.1 Gene-expression data example; rows represent the genes and columns represent the cases, preassigned in two categories: POS and NEG.
ON, upregulated gene; OFF, downregulated gene.
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“ON” (upregulated) then the target gene is also “ON,” and
“�j” represents an inhibition, i.e., if the source gene is “ON”
(upregulated) then the target gene should be “OFF” (down-
regulated). Note that the inhibition relation is considered to
hold for the following regulation cases: “ON” �j “OFF” or
“OFF”�j “ON.” The regulatory fingerprint reflected by this
subpath could be considered to cause and in a way to
“govern” the specific expression status of the genes.

Barabási et al. (2011) stated: “Given the functional in-
terdependencies between the molecular components in a
human cell, a disease is rarely a consequence of an ab-
normality in a single gene, but reflects the perturbations of
the complex intracellular and intercellular network that
links tissue and organ systems.” The authors concluded that
there is progress toward a reliable network-based approach
to disease modeling, but this progress is currently limited
by the incompleteness of the available interactome map
(i.e., the whole set of molecular interactions in a particular
cell). Knowledge of GRNs, as it relates to specific pheno-
types, necessarily implies that a key molecular target
should be considered within the framework of its network.
A network focus enables us to more effectively infer key
transcriptional changes related to the specific phenotype by
examining multiple downstream (or cross-talk) effectors of
the target (Nam et al., 2014).

Probably the most important limitation is that the
knowledge embedded in GRNs with regard to gene in-
teractions is largely unexploited. The very purpose of the
pathway diagrams is to capture our current knowledge of
how genes interact and regulate each other. However,
most of the existing molecular pathway analysis ap-
proaches consider only the sets of genes involved in

these pathways, without taking into consideration their
topology (or interactions). Moreover, some genes may
exhibit multiple functions and may be involved in several
pathways but with different roles. The state-of-the-art
gene set analysis (GSA) pathway and its respective
tools mainly utilize overrepresentation analysis (ORA)
approaches, which report the enrichment of functional
groups (for example, gene sets) for the genes of interest.
GSA methodologies compromise connectivity in favor of
computational simplicity and base their analysis on
cellular components (genes, proteins, etc.), not on their
connectivity (topology and interaction types) (Huang
et al., 2008). Most GSA tools use the expression changes
measured in high-throughput experiments only to identify
pathways with unexpectedly high numbers of differen-
tially expressed genes using ORA approaches or path-
ways whose genes are clustered in the ranked list of
differentially expressed genes, not to directly estimate the
impact of such changes on specific pathways (Judeh
et al., 2013). So, GSA/ORA techniques cannot distin-
guish subsets of genes that are differentially expressed
just above the detection threshold from genes that change
by many orders of magnitude.

In an effort to accumulate the most relevant methodol-
ogies and systems in the field of molecular pathway anal-
ysis, relevant publications were screened with a focus on
the annual Web Server issue of Nucleic Acids Research
(http://nar.oxfordjournals.org/content/41/W1.toc#WebServ
ices) and the BMC Systems Biology (Software articles)
(http://www.biomedcentral.com/bmcsystbiol). As various
systems take advantage of the Cytoscape (http://www.
cytoscape.org) platform to visualize and analyze GRNs,

FIGURE 19.2 Matching functional subpaths and gene-expression profiles.
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we also searched all of the Cytoscape plugins in order to
identify more tools/applications related to the identification
and assessment of discriminant pathways. We came up with
more than 100 unique citations after removing duplicates
from the combined searches (the screening of the two
journals and the screening of the related Cytoscape plugins).

Most of the citations fall into the GSA and the GRN
reconstruction approaches. Out of these citations, 48 are
related to gene set enrichment analysis (GSEA), 54 are
related to GRN reconstruction, and 25 are related to the
identification of pathways (or subpaths) that differentiate
between different phenotypes. The focus was on methods
that aim toward the identification of phenotype-
differentiating GRNs. So, the citations from the first two
categories were rejected with the final pool of methodolo-
gies to cover 25 citations. Such a distribution is expected,
since GSA and GRN reconstruction methodologies repre-
sent the earliest line of research aimed at in coupling gene-
expression data and GRNs. As GSA and GRN recon-
struction methods are out of the scope of this chapter, we
refer the interested reader to related literature reviews
(Heckera et al., 2009; Hung et al., 2012). Fig. 19.3 illus-
trates the main areas that combine gene-expression data and
GRN knowledge, including the underlying network topol-
ogy and geneegene interactions.

19.3.1 Gene Set Analysis

GSA, also called pathway inference, is a widely followed
strategy for gene-expression data analysis based on
pathway knowledge. GSA focuses on sets of related genes

and has established major advantages over individual gene
analysis, including greater robustness, sensitivity, and
biological relevance. GSA methods are able to detect bio-
logically relevant signals and give more coherent results
across different studies. GSA incorporates prior knowledge
of biological pathways and other experimental results in the
form of gene sets.

Most GSA methodologies treat GRNs as groups (plain
list) of associated genes in order to identify the most
discriminant ones within gene-expression data (Fig. 19.4,
left part). Although pathways carry important information
about the respective networks’ structures and the correla-
tion between genes, available GSA methods do not fully
exploit such information. More and more methods are
taking advantage of the topology and the underlying reg-
ulatory machinery recorded in GRNs, utilizing a variety of
approaches (e.g., graph theory and network visualization).
Most of the visualization toolkits display the differentiating
genes on targeted GRNs (Fig. 19.4, middle). To date, none
of the published GSA methodologies take advantage of nor
visualize the signaling information within the networks,
such as the topology and the type of associations (activa-
tion, expression, inhibition, etc.), which may exist between
genes and which could prove to be essential for the reli-
ability and interpretation of the analysis results (Fig. 19.4,
right part).

Siu et al. (2009) demonstrated that correlations among
pathway genes are valuable and cannot be ignored in gene-
expression analysis. They introduced a methodology based
on three statistical algorithms that are able to combine
dependent p-values of genes within a pathway. Wang and

FIGURE 19.3 Scientific areas that combine gene regulatory networks and gene-expression data.
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coworkers (Wang et al., 2008) used a linear mixed models
approach and showed that differential expression between
two groups of samples is significantly different for genes in
the pathway compared with the rest of the genes. They
utilized pathways as a list of genes, without taking into
account the underlying reactions with the pathway, under
the following assumption: a pair of genes that belongs to
the same pathway should be correlated.

One common approach to combine gene-expression
pathway data is to incorporate known pathway informa-
tion to reduce the dimensionality of gene interactions.
Braun et al. (2008) proposed a method that identifies
geneepathway pairs that are highly discriminant in gene-
expression data. They define the expression of a known
pathway [from the Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG)-pathway database] via a summary value
computed following a principal component analysis
approach. Tai and Pan (2007) proposed several versions of
gene-expression linear discriminant analysis, taking
advantage of the functional groups (i.e., pathways) to
which a set of genes of interest belong. The basic under-
lying assumption of the proposed methods is that the genes
within the same pathway will be correlated to each other.
Comparative results (on simulated and real data sets)
showed that these methods performed better compared to
other known linear discriminant gene-expression analysis
approaches.

Sfakianakis et al. (2010) proposed a method that in-
tegrates gene annotations and pathways in order to guide
the cluster analysis of gene-expression profiles. The
method gets information from Gene Ontology/GO
(geneontology.org) to create a covariance matrix that
reflects the involvement of genes in the target pathways.
Utilizing an Expectation-Maximization algorithm, the
maximum likelihood hidden gene variables are
identified.

Eu.Gene (Cavalieri et al., 2007) is an application that
tries to identify biological pathways that are transcription-
ally affected under different experimental conditions. The
application uses multiple pathway databases and converts
them to a common format, Ensembl Gene and Transcript

IDs (www.ensembl.org). The Eu.Gene Analyzer imple-
ments two different statistical methods to determine which
pathways are most affected by observed gene-expression
changes: the one-tailed Fisher Exact Test and GSEA.

19.3.2 Gene Set Analysis With Gene
Regulatory Networks Topology Information

The web-based KEGG Mapper tool “Search&Color”
(http://www.genome.jp/kegg/tool/map_pathway2.html)
presents a simple tool to visualize the topology information
of GRNs. The user can set a color to any gene within a
molecular pathway (Fig. 19.5). A deviation from the
normal regulatory network topology may reveal
the mechanism of pathogenesis (Hood et al., 2004), and the
genes that undergo the most changes in the network to-
pology (as may be identified by the different colors) may
serve as biomarkers for targeted phenotypes. Conversely, if
several genes are involved in a pathway, but they only
appear somewhere downstream, changes in their expression
levels may not affect the given pathway as much.

A wealth of web-based or stand-alone toolkits take
advantage of software platforms that offer visualization of
complex networks. Most of the approaches rely on the
Cytoscape (http://www.cytoscape.org/) toolbox.

Genoscape (Clément-Ziza et al., 2009) is an open
source Cytoscape plugin that visually integrates gene-
expression data from GenoScript (http://genoscript.
pasteur.fr/cgi-bin/WebObjects/GenoScript) and KEGG
pathways into Cytoscape networks. Genoscape automati-
cally maps most gene or gene product identifiers to KEGG
identifiers (identifiers being unique keys), enabling the
import of expression data from various sources. When
importing KEGG pathways, elements are filtered in order to
keep only those nodes corresponding to genes or enzymes.
Genoscape generates a visualization style that highlights
gene-expression changes and their statistical significance.
The nodes represent genes and are colored with a classical
red/green gradient, according to the expression ratio level.
The size of the nodes is enlarged if the corresponding
expression ratio is labeled as statistically significant.

FIGURE 19.4 Evolution of gene set analysis methodologies.
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FIGURE 19.5 Example of the Kyoto Encyclopedia of Genes and Genomes Mapper/ “Search&Color” web application.
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Cline et al. (2007) proposed a protocol that explains how
to utilize Cytoscape to analyze the results of mRNA
expression profiling and other functional genomics and
proteomics experiments in the context of an interaction
network. Five major steps are described: (1) obtaining a gene
or protein network, (2) displaying the network using layout
algorithms, (3) integrating with gene-expression and other
functional attributes, (4) identifying putative complexes and
functional modules, and (5) identifying enriched Gene
Ontology annotations in the network.

The cancer Biomedical Informatics Grid (https://
biospecimens.cancer.gov/relatedinitiatives/overview/caBig.
asp) project introduced the Differential Dependency
Network (DDN) (www.cbil.ece.vt.edu/software.htm)
approach (Bai Zhang et al., 2011). DDN is an analytical
tool for detecting and visualizing statistically significant
topological changes in transcriptional networks represent-
ing two biological conditions. DDN enables differential
network analysis and provides an alternative way for
defining network-based predictive biomarkers. DDN has
been implemented as a standalone Java application, but a
Cytoscape plugin (CytoDDN) is also offered.

Ibrahim et al. (2011) described a gene-selection method
that identifies groups of strongly correlated genes, which
can be used to differentiate between different disease traits.
In addition to utilizing static predefined pathways knowl-
edge, the method is adaptive in the sense that it involves a
pathway ranking process to identify the most
relevant pathways perturbed in a given pathological state
and pathway topology.

A different topological approach that utilizes various
graph theory metrics is implemented within the Topology-
Based Gene Set Analysis (http://www.topogsa.net/) web
application (Glaab et al., 2010). The network topological
properties taken into consideration are as follows: (1) the
degree of a node (gene or protein), i.e., the average number of
edges (interactions) incident to this node; (2) the local clus-
tering coefficient that quantifies the probability that the
neighbors of a node are connected; (3) the shortest path length
for two nodes; (4) the “betweenness” of a node, calculated
from the number of shortest paths; and (5) the centrality
scores, computed by the entries of the dominant eigenvector (a
vector that does not change when applying linear trans-
formation) of the network adjacency matrix.

19.3.3 Identification of Phenotype-
Differentiating Pathways and Subpathways

One line of research in the area of molecular pathway
analysis targets the identification of those GRNs (or parts of
them) that differentiate between specific phenotypes.

Draghici et al. (2003) developed Onto-Express, a tool
that automatically translates lists of differentially regulated
genes into functional profiles. Onto-Express introduces a
methodology that identifies those pathways that contain the
most discriminant genes.

Oncomine (Rhodes et al., 2007) is an advanced
bioinformatics application for the identification and
assessment of cancer signatures. Version 3 of Oncomine
includes pathway information (from KEGG and Biocarta,
http://cgap.nci.nih.gov/Pathways/BioCarta_Pathways) and
respective gene-enrichment analysis functionality. The
extracted signature from multiple cancer gene-expression
profiles reveals pathways that are coordinately overex-
pressed in the respective cancer types.

Adewale et al. (2008) proposed a statistical method to
identify pathways associated with targeted phenotypes
(e.g., time to death for breast cancer). This is accomplished
by combining the regression-based test statistic for each
individual gene in a pathway of interest into a pathway-
level test statistic, making the respective pathways candi-
dates for phenotype differentiation. Then the candidate
pathways are tested to determine the statistical strength of
any putative association with the targeted phenotypes, with
the subsequent selection of the most significant ones.

Ma and Kosorok (2010) proposed a methodology for
the identification of those pathway genes that exhibit high
predictive power with regard to the prognosis of breast
cancer. The method is based on two quality controls: the
computation of the predictive power of each gene within
each pathway and the computation of the predictive power
of each pathway in multiple data sets.

The Path Basic Local Alignment Search Tool (BLAST)
(Kelley et al., 2004) is a tool that identifies and visually
promotes pathway alignments of different networks. With
PathBLAST, the user specifies a short protein interaction path
as a query against a target proteineprotein interaction network
(selected from a network database). PathBLAST returns a
ranked list of matching paths from the targeted networks
along with a graphical view of these paths and their overlaps.
PathBLAST performs alignment of protein networks just as
BLAST is used to perform rapid alignments of proteins.

A tool for biological network integration is the Gene-
MANIA (Warde-Farley et al., 2010). GeneMANIA con-
structs and visualizes an interactive functional association
network, constructed from a user-defined list of genes. Data
sources used for gene similarity searches include coex-
pression data from Gene Expression Omnibus
(www.ncbi.nlm.nih.gov/geo); physical and genetic interac-
tion data from the Biological General Repository for Inter-
action Datasets (thebiogrid.org); predicted protein
interaction data-based orthology information from the
Interologus Interaction Database (ophid.utoronto.ca/
ophidv2.204/ppi.jsp); and pathway or molecular interaction
data from Pathway Commons (www.pathwaycommons.
org). GeneMANIA offers also a Cytoscape plugin (Mon-
tojo et al., 2010).

An approach for the identification of differentially
expressed pathways has been proposed by Nacu et al.
(2007). The proposed methodology computes a score that
measures to what extent a group of genes is differentially
expressed. Two scoring approaches have been developed
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and evaluated: target just a limited list of predefined groups
and select the ones with high scores, or search for high-
scoring gene sets subject to some structural constraints.

All of themethodsmentioned above handle GRNs only as
a group/list of genes. Information about the network topology
and the underlying regulations between genes is ignored.

19.3.4 Identification of Phenotype-
Differentiating Pathways and Subpathways
With Gene Regulatory Network Topology
Information

Chen et al. (2011) proposed a subpathway enrichment
approach for the identification of a drug response principal
network that takes into consideration the intrinsic pathway
quantitative structures. The method is based on a funda-
mental assumption, namely, a subpathway may respond
more effectively or with greater sensitively than the whole
pathway. The methodology is based on the generation of a
large number of relative subpathways (from KEGG),
mapping of gene-expression data onto these pathways
accompanied by their statistical scoring, and the identifi-
cation of the principal components of the most perturbed
subpathways. The principal components of subpathways
are combined into a larger drug response network on which
both topological and biological analyses are performed.
The method utilizes the NetworkAnalyzer (Assenov et al.,
2008) (med.bioinf.mpi-inf.mpg.de/netanalyzer/index.php)
for the analysis of the topological properties of the sub-
pathways. The NetworkAnalyzer computes and visualizes a
comprehensive set of topological parameters, such as the
network diameter (greatest distance of all shortest paths);
the average clustering coefficients (ratio of connected
edges); and shortest path lengths but ignores the underlying
network regulatory mechanisms of the pathways.

The De Novo Discovery of Dysregulated Pathways in
Human Diseases (DEGAS) methodology (Ulitsky et al.,
2010) identifies connected gene subnetworks that are
significantly enriched for those genes that are dysregulated
in targeted disease specimens. DEGAS is available as part of
the MATISSE (acgt.cs.tau.ac.il/matisse) software package.

Another similar approach, which uses the same algo-
rithm for the identification of dysregulated genes/cases, is
the KeyPathwayMiner (keypathwayminer.mpi-inf.mpg.de)
(Alcaraz et al., 2011). Given a biological network and a set
of caseecontrol studies, KeyPathwayMiner efficiently ex-
tracts all maximal connected subnetworks. These sub-
networks contain the genes that are mainly dysregulated
and are differentially expressed. The exact quantities for
“mainly” and “most” are modeled with two easy-to-
interpret parameters that allow the user to control the
number of outliers (not dysregulated genes/cases) in the
solutions. KeyPathwayMiner utilizes the Cytoscape

visualization library to map the dysregulated subnetworks.
Version 2.0 of KeyPathwayMiner (Alcaraz et al., 2012)
provides two more algorithms to solve the involved graph
problems and offers an improved user interface.

Ideker et al. (2002) used subgraph extraction as a
technique to predict pathways from biological networks
and a set of genes. The method is more commonly used for
the extraction of more complex nonlinear subnetworks in
proteineprotein and proteineDNA networks given yeast
gene-expression data. One work by the same team applied a
protein network-based approach in order to identify
markers not as individual genes but as subnetworks
extracted from protein interaction databases (Chuang et al.,
2007). The resulting subnetworks provide models of the
molecular mechanisms underlying metastasis. It is shown
that the identified subnetworks are significantly more
reproducible between different breast cancer cohorts than
individual marker genes selected without network infor-
mation. To integrate the gene-expression and network data
sets, the method overlays the expression value of each gene
on its corresponding protein in the network and searches for
subnetworks whose activities across the patient cases are
highly discriminant for metastasis. Subnetworks do not take
into account relations between genes; instead, the genes are
considered to be active whenever they involve highly
expressed genes. These subnetworks are identified by a
process of sampling the space of possible subnetworks and
following a simulated annealing approach.

Wu and Stein (2012) present a semisupervised algo-
rithm that first discovers modules of interacting genes
(subpathways) involved in the disease process, indepen-
dently of clinical status, and then identifies clinically sig-
nificant modules using supervised principal component
analysis. The implementation is based on top of a human
protein functional interaction network constructed by
combining curated (cleaned and normalized) and noncu-
rated data sources. This functional interaction network
covers roughly half of annotated human proteins and is
highly reliable based on a variety of metrics, including
confirmation of its predictions by domain experts. The
network as a whole is unweighted (not scored) without
regulation mechanisms.

The CLIPPER system (Martini et al., 2013) (comes as
an R/Bioconductor package, www.bioconductor.org/
packages/release/bioc/html/clipper.html) implements a
two-step empirical approach. In the first step CLIPPER
selects significant pathways according to statistical tests on
the means and the concentration matrices of the graphs
derived from pathway topologies. Then it “clips” the whole
pathway, identifying the signal paths having the greatest
association with a specific phenotype. For example, a
proportional increase of the expression of the genes A and
B in one of two conditions will result in a significantly
different mean expression between the two conditions. The
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correlation strength between A and B, however, does not
change. In this case, we would have pathways with
significantly altered mean expression levels but unaltered
biological interactions. CLIPPER searches for pathways
strongly involved in a biological process with the restric-
tion that the mean or the variance of the expression levels
are significantly altered between two phenotype conditions.
CLIPPER empirically identifies the portions of the network
most associated with the phenotype using the structure of
the junction tree as a backbone. Even though CLIPPER
uses parts of the pathway (subpathway) as a junction tree,
the subpathway selection methodology ignores the re-
lations/regulations between genes, which can be found in
the signaling pathways.

Kazmi et al. (2008) developed a metaanalysis tool for
identifying functional gene regulatory paths and subpaths
using information from gene-expression data. The upregu-
lated genes that participate in pathways are highlighted on the
respective GRNs. The system takes advantage of the acti-
vations between genes within the pathway and tries to
identify the functional paths or propose new paths. Expres-
sion values for genes missing from the gene-expression data
are also added, using a predictive algorithm.

Another relevant R-based software package is the Sub-
pathwayMiner (Li et al., 2009b) (cran.r-project.org/src/
contrib/Archive/SubpathwayMiner). It is a pathway anal-
ysis tool relative to pathway annotation and identification
that exploits information about the structure of metabolic
pathways. The system detects distance similarity among
enzymes in each pathway and mines each subpathway in
which the distance among all enzymes is no greater than a
(user-defined) threshold. SubpathwayMiner converts each
metabolic pathway to an undirected graph (a graph where
there is no direction between the connected edges) with en-
zymes as nodes. Two nodes in an undirected graph are
connected by an edge if there is a common compound in the
enzymes’ corresponding reactions. As a result, the metabolic
pathway is simplifiedwhen chemical compounds are omitted
from the graph. Visualization of the resulting pathways is
possible by linking to the KEGG visualization tools.

The main limitation of the aforementioned molecular
pathway analysis approaches is that all of the gene in-
teractions in the respective GRNs are considered to be just
graph connections, i.e., they don’t take into account the
exact type of the interaction (e.g., activation or inhibition).

19.3.5 Identification of Phenotype-
Differentiating Pathways and Subpathways
With Gene Regulatory Network Topology
and Regulatory Mechanisms

Geistlinger et al. (2011) stated: “As the sign of gene
expression changes and the direction of regulatory

interactions are so far not taken into account, substantial
features of the data are still ignored and the dynamics of the
transcriptomic system are not realistically reflected. Acti-
vation and inhibition are essential regulatory mechanisms
in the transcriptional machinery of the cell and are causes
for up- and down-regulation of particular genes.”

Geistlinger et al. introduced Gene Graph Enrichment
Analysis (GGEA) (www.bio.ifi.lmu.de/en/GGEA), which
takes advantage of fundamental regulation types in a novel
enrichment framework for signed (positive or negative) and
directed (direction of connections) GRNs, to judge whether
the topology of the network is a good fit for gene-
expression data. GGEA performs three essential steps.
First, the gene set is mapped onto the underlying GRN,
yielding an induced subnetwork. Second, each edge of the
induced network is scored for consistency with the gene-
expression data; the signs of the expression changes of
two interaction partners are evaluated for agreement with
the regulation type (activation/inhibition) of the link that
connects both genes. Third, the edge consistencies are
summed up over the induced network, normalized, and
estimated for significance using a permutation process. The
GRNs are modeled as Petri Nets (networks were edges
represent transitions) with fuzzy logic (a real logical value
between zero and one) features. The regulations of the
GRN are required to be specified with direction and effect.

Similar to GGEA, another advanced discriminant sub-
pathway identification R/Bioconductor package is
Signaling Pathway Impact Analysis (SPIA) (Tarca et al.,
2009) (www.bioconductor.org/packages/release/bioc/html/
SPIA.html). SPIA combines the evidence obtained from
the classical GSA approaches with a novel type of evidence
that measures the actual perturbation on a given pathway
under a given condition. The system introduces a global
probability value, PG (calculated for each pathway), that
incorporates parameters, such as the log fold-change of the
differentially expressed genes, the statistical significance of
the set of pathway genes, and the topology of the pathway.
PG is a combined probability value of PNDE and PPERT,
which can be used to rank the pathways. PNDE is the
probability of observing a given number of differentially
expressed genes or higher just by chance, and PPERT is
calculated following a bootstrapping process in which both
the pathway and the number of differentially expressed
pathway genes are fixed.

GraphiteWeb (Sales et al., 2013) (graphiteweb.bio.unipd.it)
is a web-based GSA tool that also exploits information about
pathway topology. Graphite Web implements different mo-
lecular pathway analysis methodologies (GSA, GSEA, SPIA,
and CLIPPER) on three model organisms and two pathway
databases (fromKEGGandReactome) and also offers pathway
visualization capabilities.

Another method that identifies intergenic relationships
within enriched biologically relevant subpathways is the
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Topology Enrichment Analysis Framework (TEAK) (Judeh
et al., 2013) (code.google.com/p/teak). TEAK employs a
novel in-house algorithm and a tailor-made Clique Perco-
lation Method to extract linear and nonlinear KEGG sub-
pathways using Bayesian methods. The type of regulation
between the nodes (genes) is always considered to be acti-
vation (e.g., for an activation “A / B” interaction, over-
expression of gene A always leads to overexpression of gene
B). To rank the linear and nonlinear subpathways, TEAK
first uses the Bayes Net Toolbox (code.google.com/p/bnt) to
fit a context-specific Gaussian Bayesian network for each
subpathway (a Gaussian Bayesian network is a Bayesian
network in which all of its nodes are linear Gaussians).

19.3.6 MinePath: An Integrated Molecular
Pathway Analysis System

MinePath (www.minepath.org) is a web-based system that
implements a discriminant analysis methodology, which
elaborates on and radically extends the identification of differ-
entially expressed GRN submodules (Koumakis et al., 2012).

Besides the network topology, the method exploits the exact
gene-to-gene molecular relationships (“/” activation or
expression and “dj” inhibition) and identifies differentially
expressed subpathways.

The MinePath methodology unfolds as a three-phase
process: (1) the target GRNs are broken down into their
constituent subpaths; (2) each subpath is interpreted and
transformed into its binary active state (represented in bi-
nary (0,1) format); and (3) the binary representative of each
subpath is aligned and matched against the discretized bi-
nary representatives of input gene-expression samples.
Finally, and based on a metric that engages the proportion
of matched samples, the differential power of each subpath
is computed. The highly powered subpaths are kept (based
on specially computed cut-off values), with the subsequent
characterization of each subpath in terms of its phenotype
inclination (Koumakis et al., 2015).

The basic input (detailed information can be found on
the help page of MinePath) to the system includes the
following: (1) selection from stored databases or the upload
of new (user-specified) gene-expression data; (2) selection of

FIGURE 19.6 The MinePath web-based system (example from www.minepath.org).
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target GRNs (a collection of all homo sapiens KEGG
pathways is provided); and (3) optional parameterization of
the subpath ranking metric along with the selection of the
validation algorithm, which is seamlessly realized using the
Weka API (www.weka.org) for machine learning tech-
niques: C4.5/J48, Support Vector Machines, and
NaiveBayes.

A fundamental innovation of the system concerns its
advanced visualization capabilities (Fig. 19.6). All target
GRNs are available for visualization (using Cytoscape Web
libraries), with their KEGG topology layout being preserved.
The main feature of MinePath is that it offers visualization of
the active gene-to-gene regulatory mechanisms using
different colors, according to their subpath phenotype
inclination: red and blue for phenotype-1 and phenotype-2,
respectively; magenta for active relations in both pheno-
types; and orange for subpaths, which are always active.
Contrary to other pathway visualization tools, MinePath
calculates and enables the visualization of differentially
expressed relations between genes instead of just differential
genes. Furthermore, MinePath supports live interaction and
immediate visualization of relations when the user sets new
thresholds for the differential subpaths between the two
phenotypes and the always active subpaths. The user also
has the option of choosing to hide/show the overlapping
relations or hide/show the associations/dissociations of the
pathway. In addition, MinePath is equipped with function-
alities that enable the reduction of network complexity (the
deletion of genes, edge relations, and parts of the network)
as well as reorientation of its topology.

19.4 CONCLUSIONS

This chapter showed how new bioinformatics pipelines
were created to understand high-throughput technologies
for gene-expression and sequencing assessment (micro-
array or NGS). With the generation of different biological
data, referred to as “omics,” the software and databases
mentioned in this chapter made it easy to better extract
knowledge out of the amount of data generated from new
machines. To conclude this chapter, we firmly believe that
bioinformatics is and will keep creating new software/
pipelines and databases to make new discoveries from
novel methodologies.
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20.1 INTRODUCTION

Research into the genetic basis of human disorders has
advanced in scale and sophistication, leading to very high
rates of data production in many laboratories, while DNA
diagnostics and electronic healthcare records are increas-
ingly common features of modern medical practice.
Therefore it should be possible to integrate all of this in-
formation in order to establish a detailed understanding of
how genome sequence differences impact human health.
Bioinformatics, particularly genome informatics (usually
defined as informatics tools used in molecular biology), is
an important scientific discipline that emerged in the
postgenomic era from developments in the field of human
genomics. Bioinformatics can be significantly helpful in,
for example, accommodating huge data sizes (billions of
base pairs); stratifying large data diversity (repeated se-
quences, protein domains, interspecies DNA sequence
comparisons); and the integration of published references.

Major advances have been made in the characterization
of genes that are involved in human diseases. Concur-
rently, advances in technology have led to the identifica-
tion of numerous genomic variants in these genes, ranging
from point mutations to large rearrangements (see previ-
ous chapters). It rapidly has become clear that the
knowledge and organization of these alterations in struc-
tured repositories will be of great importance not only for
diagnosis but also for clinicians and researchers. Genetic
or mutation databases are referred to as online repositories
of genomic variants, described for a single (locus-specific)
or more (general) genes or specifically for a population or
ethnic group (national/ethnic). The main applications of
mutation databases are as follows: (1) to facilitate

diagnosis at the DNA level and to define an optimal
strategy for variant detection, (2) to provide information
about variant-specific phenotypic patterns, and (3) to
correlate locus-specific variant information with genome-
wide features, such as repetitive elements, gene struc-
tures, interspecies conservation, mutation hotspots,
recombination frequencies, and so on.

In this chapter, we will summarize the key features of
the main types of genetic databases that are frequently used
in molecular diagnostics, namely locus-specific and na-
tional/ethnic genetic databases. In particular, the main ac-
tivities relating to these genetic database types will be
highlighted, in order to describe the existing and emerging
database types in this domain, emphasize their potential
applications in modern medical genetics, and comment
upon the key elements that are still missing and holding
back the field.

20.2 HISTORICAL OVERVIEW OF
GENETIC DATABASES

In 1966, with great vision, Victor McKusick made the first
serious efforts toward summarizing DNA variations and
their clinical consequences when he published the Mende-
lian Inheritance in Man (MIM), a paper compendium of
information on genetic disorders and genes (McKusick,
1966). This document is now distributed electronically as the
Online Mendelian Inheritance in Man (OMIM) at http://
www.omim.org and is regularly updated (Amberger et al.,
2015). Also, the first database collecting genomic variants
from a single gene was published in 1976. It included 200
mutations from the globin gene in book format and led to the
HbVar database for hemoglobin variants and thalassemia
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mutations (Hardison et al., 2002; Patrinos et al., 2004;
Giardine et al., 2007b, 2014).

A decade later, David Cooper began listing mutations in
genes to determine which mutational change was the most
common (Cooper et al., 1998). In the mid-1990s the Hu-
man Genome Organization-Mutation Database Initiative
was created by another visionary researcher, the late
Richard Cotton, in order to organize “Mutation Analysis,” a
new domain of genetics (Cotton et al., 1998), which
evolved into the Human Genome Variation Society
(HGVS; http://www.hgvs.org). Today, the stated objective
of the HGVS is “...to foster discovery and characterization
of genomic variations, including population distribution
and phenotypic associations.”

This field is rapidly expanding, and there are several
hundred databases of genomic variants available on the
Internet. However, not all genetic databases fulfill quality
requirements, while others have been built by researchers
“on the side” for their own use. Most importantly, funding
opportunities for database-related projects have always
been very limited.

20.3 MODELS FOR DATABASE
MANAGEMENT

In its strict definition, a database is a collection of records,
each of which contains one or more fields (i.e., pieces of
data) about some entity (e.g., DNA sequences, mutations)
and has a regular structure that is organized in such a way
that the desired information can easily be retrieved. The
curator is the person (or group of persons) that is
responsible for developing, updating, and ultimately
maintaining a genetic database. There are mainly three
types of database management models, from low to higher
degrees of complexities, each with their own advantages
and drawbacks.

Relational databases are the most frequently used ones,
since they are very efficient for dealing with large volumes
of information. A relational database is based on data or-
ganization in a series of interrelated tables. Also, information
can be retrieved in an extremely flexible manner by using
structured data queries. Although interest in this model was
initially confined to academia, subsequently, relational da-
tabases became the dominant type for high-performance
applications because of their efficiency, ease of use, and
ability to perform a variety of useful tasks that had not been
originally envisioned. The dominant query language for
relational databases is the semistandardized structured query
language (SQL), for which different SQL variants exist. The
main ones are Microsoft SQL (http://www.microsoft.com/
sql); MySQL (http://www.mysql.com); and postgreSQL
(http://www.postgresql.org). Although critics claim that
SQL is not consistent with the relational model, it works
extremely well in practice, and no replacement is on the

horizon. The requirement of specialized software for devel-
oping a relational database can potentially be a disadvantage,
since significant computer proficiency is required.

In the very first genetic databases, information on
genomic variants was provided in plain text websites, i.e.,
the simplest “database” format. This structure cannot be
considered as a database in a strict sense, but it was often
used for several database projects. The advantages for such
a model were the development and maintenance simplicity,
since no specific software was required. However, there
were no true data querying options, apart from the standard
searching tool provided by the respective Internet browser,
and the database was very difficult to maintain in the case
of expanded data sets. In addition, flat-file databases were
the simplest database types, particularly for small-scale and
simple applications. These databases had a modest
querying capacity and could accommodate small to
moderately big data sets. Their development required
average computing skills, even though they were based on
simple software. The first version of the ETHnic and Na-
tional Database Operating System (ETHNOS) software
(Patrinos et al., 2005a) was developed using the flat-file
database model.

20.4 MUTATION DATABASE TYPES

The various depositories that fall under the banner of
“mutation databases” can be categorized into three main
types: General (or central) mutation databases (GMDs);
locus-specific databases (LSDBs); and national/ethnic mu-
tation databases (NEMDBs).

GMDs attempt to capture all described mutations in all
genes, but each is represented in only limited detail. The
included phenotype descriptions are generally quite
cursory, making GMDs of little value to those wishing to
understand the subtleties of phenotypic variability. GMDs
tend to include only genomic variants of large effect that
result in Mendelian patterns of inheritance, while sequence
variations associated with no, minor, or uncertain clinical
consequences are rarely cataloged. Thus GMDs provide a
good overview of patterns of clinically relevant mutations
and polymorphisms but almost no fine detail to aid proper
understanding. The best example of a GMD is the Human
Gene Mutation Database (HGMD; http://www.hgmd.org;
Stenson et al., 2014), which by April 2016 contained
127,836 different records in 4860 different genes in the
public release and 179,235 different records in 7189
different genes in the HGMD Professional Release
(V2015.4). In this type of database there are no specific
field experts maintaining them. Instead, they include pub-
lished data for causative genomic variants, their distribu-
tion, and references, mostly using automated data (text)
mining routines. Each causative genomic variant is entered
only once in order to avoid confusion between recurrent
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and identical-by-descent lesions, and the phenotypic
description associated with the mutation is very limited,
preventing any study on phenotypic variability. These da-
tabases are frequently referred to as a “mile wide and inch
deep,” as they include mutations from many genes but with
a limited description. However, such databases may
become increasingly useful in the postgenomic era with the
advent of next-generation sequencing since they can
contribute toward the understanding of novel, tentatively
pathogenic variants (Karageorgos et al., 2015). A detailed
survey of the available GMDs has been compiled by
George et al. (2008).

In contrast to GMDs, LSDBs are concerned with
just one or a few specific genes (Claustres et al., 2002;
Mitropoulou et al., 2010), usually related to a single disease
entity. They aim to be highly curated repositories of pub-
lished and unpublished mutations within those genes, and
as such, they provide a much-needed complement to the
core databases. Data quality and completeness are typically
high, with roughly half of the stored records pertaining to
otherwise unpublished variants. The data are also very rich
and informative, and the annotation of each mutant includes
a full molecular and phenotypic description. Therefore
these databases are referred to as an “inch wide and mile
deep.” For example, LSDBs will typically present each of
the multiple discoveries of recurrent mutational events,
allowing mutation hotspots to be identified. When these
mutations occur upon different chromosomal backgrounds
(linked to other mutations) such that they result in several,
or different, disease features, these correlations are also
recorded. A good example of an LSDB is the HbVar
database (http://globin.bx.psu.edu/hbvar), initially reported
by Hardison et al. (2002) and subsequently updated on a
frequent basis with new features and data by Patrinos et al.
(2004 and Giardine et al. (2007a, 2014). This relational
database of hemoglobin variants and thalassemia mutations
provides information on pathology, hematology, clinical
presentation, and laboratory findings for a wealth of DNA
alterations. Gene/protein variants are annotated with respect
to biochemical data, analytical techniques, structure, sta-
bility, function, literature references, and qualitative and
quantitative distributions in ethnic groups and geographic
locations (Patrinos et al., 2004; Giardine et al., 2007a).
As is common in LSDBs, entries can be accessed through
summary listings or user-generated queries, which can be
highly specific. A comprehensive listing of available
LSDBs can be found at http://www.hgvs.org, http://www.
hgmd.org, and in the literature (Cotton et al., 2007).

Finally, NEMDBs are repositories documenting the
genetic composition of an ethnic group and/or population
and the genetic defects (leading to various inherited dis-
orders) and their frequencies calculated on a population-
specific basis. The emergence of the NEMDB is justified
from the fact that the spectrum of genomic variations

observed for any gene or disease will often differ between
population groups worldwide and also between distinct
ethnic groups within a geographical region. Not only do
NEMDBs help to elaborate the demographic history of
human population groups, but they are also a prerequisite to
the optimization of national DNA diagnostic services. That
is, they provide essential reference information for use in
the design of targeted mutation detection efforts for clinical
use, and they may also serve to enhance awareness among
healthcare professionals, bioscientists, patients, and the
general public about the range of the most common genetic
disorders (and their environmental correlates) suffered by
particular population groups.

Beyond the aforementioned main database types, DNA
variation is also recorded in various polymorphism data-
bases, such as those provided at the National Center of
Biotechnology Information, namely dbSNP and
dbGAP (http://www.ncbi.nlm.nih.gov/projects/SNP; Agar-
wala et al., 2016); ClinVar (Landrum et al., 2016); and the
HAPMAP Data Coordination Center (http://www.hapmap.
org; The International HapMap Consortium, 2003). These
resources are important in helping to complete the picture
for any gene or region of interest by summarizing all of the
variants that are not typically included in GMDs, LSDBs,
and NEMDBs. In brief, GMDs, LSDBs, and NEMDBs
share the same primary purpose of representing DNA
variations that have definitive or likely phenotypic effects.
They tackle this goal from very different perspectives, and
there is clearly a need for these three types of resources in
the various disciplines of human genetics and genomics,
particularly genetic testing.

In the following paragraphs, the basic aspects of LSDBs
and NEMDBs will be analyzed in detail in relation to their
applications in molecular diagnostics, since these resources
are more closely related to molecular genetic testing than
any other genomic database type.

20.5 LOCUS-SPECIFIC DATABASES IN
MOLECULAR GENETIC TESTING

In the previous chapters, it has been nicely demonstrated
that the detection of DNA sequence variations can be very
efficiently performed using a plethora of techniques.
LSDBs can facilitate molecular diagnosis of inherited dis-
eases in various ways. For example, LSDBs can assist in
ascertaining whether a DNA variation is indeed causative,
leading to a genetic disease, or benign. Similarly, some
high-quality LSDBs provide detailed phenotypic informa-
tion that is related to disease-causing genomic variants.
Ultimately, LSDBs can assist in the selection of the optimal
mutation detection strategy.

Soussi and coworkers were among the first to present
LSDBs’ challenges and opportunities on the basis of the
p53 paradigm (Soussi et al., 2006). Laboratory data on
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BRCA1 and BRCA2 genetic variants were compared to
those provided by the BIC, ClinVar, HGMD Professional,
Leiden-Open (source) Variation Database (LOVD), and the
Universal Mutation database (UMD; Vail et al., 2015).
Findings reported a substantial disparity of variant classi-
fications within and among the databases considered, sug-
gesting that LSDBs’ use in clinical practice is still
challenging.

20.5.1 Identification of Causative Genomic
Variants

If a missense variant is detected in a diagnostic laboratory,
additional experiments usually need to be conducted prior to
concluding that the variant in question is in fact causative in
the family. This is particularly important in the case ofwhole-
genome sequencing where many variants are reported. In the
absence of a functional test, the segregation of the variant in
the affected familymembers, the absence of this variation in a
panel of at least 100 control samples, the prediction of the
biochemical nature of the substitution, the region where the
mutation is located, and the degree of conservation among
species are some of the arguments for the causative nature of
the variant. As this approach is often time-consuming, the use
of an LSDB can provide researchers with valuable infor-
mation to help in such a decision process.

If the variant has been reported as a causative one, its
full description and the corresponding literature are pro-
vided in the LSDB. Furthermore, a comprehensive LSDB
does not only include the reference sequence of the
gene but also the description of structural domains and data
about interspecies conservation for each protein residue.

Also, asmany publications include large data sets, it is often
possible to observe errors or the use of wrong variant nomen-
clature (see Chapter 2) due to references to an old sequence (up
to 10% of errors for some publications). The use of LSDBs can
be helpful to this end. Several LSDBs include an automatic
nomenclature system based on a reference sequence. In other
words, variant entry is done such that the variant nucleotide is
automatically checked against the reference sequence at the
respective variant position and named based on the official
(HGVS) nomenclature (den Dunnen and Antonarakis, 2001).
Interestingly, Mutalyzer, a dedicated module to automatically
produce any sequence variation nomenclature (http://www.
lovd.nl/mutalyzer; Wildeman et al., 2008), enables unambigu-
ous and correct sequence variant descriptions to avoidmistakes
and uncertainties that may lead to undesired errors in clinical
diagnosis. Mutalyzer handles most variation types, i.e., sub-
stitutions, deletions, duplications, etc. and follows current
HGVS recommendations (see Chapter 2).

Finally, a handful of LSDBs include data presentation
tools to visualize their content in a graphical display.
VariVis is a generic visualization toolkit that can be

employed by LSDBs to generate graphical models of gene
sequence with corresponding variations and their conse-
quences (Smith and Cotton, 2008). The VariVis software
package can run on any web server capable of executing
Perl CGI scripts and can interface with numerous database
management systems (DBMS) and even flat-file databases.
The toolkit was first tested in A1ATVar, an LSDB for
SERPINA1 gene variants, leading to a1-antitrypsin defi-
ciency (Zaimidou et al., 2008), and it can be integrated into
generic DBMS used for LSDB development (see also
paragraph 22.7).

20.5.2 Linking Genotype Information With
Phenotypic Patterns

LSDBs are far more than just inert repositories, as they also
include analyzing tools, which exploit computing power to
answer complex queries, such as phenotypic heterogeneity
and genotype/phenotype correlations. The vast majority of
LSDBs, especially all LOVD-based LSDBs (see paragraph
22.7), provide phenotypic descriptions in an abstract
format. In other custom-built databases, such as HbVar,
phenotypic descriptions are significantly more detailed,
e.g., providing information on the clinical presentation of
thalassemia carriers and patients together with their hema-
tological indices for every hemoglobin and thalassemia
variant. All LSDBs attempt to enforce a controlled vocab-
ulary to facilitate straightforward data querying. Therefore
phenotype data in the vast majority of LSDBs are presented
in a very basic way, such as in the form of free-text entries
and/or with very little detail. There is a definite need for this
situation to be improved and data content to be harmonized.
There is also a general wish for the comprehensive analysis
of phenotypes to occur, a goal termed “phenomics” (Gerlai,
2002; Hall, 2003; Scriver, 2004), supported by the neces-
sary informatics solutions.

It is possible for patients with the same mutation to have
a completely different phenotype. This valuable informa-
tion could be useful for predictive medicine. A good
example is given by the distribution of mutations of the
FBN1 gene (MIM# 134797) that are associated with Mar-
fan syndrome (MFS) and a spectrum of conditions
phenotypically related to MFS, including dominantly
inherited ectopia lentis, severe neonatal MFS, and isolated
typical features of MFS. MFS, the founding member of the
heritable disorders of connective tissue, is a dominantly
inherited condition characterized by a tall stature and
skeletal deformities, dislocation of the ocular lens, and
propensity to aortic dissection (Collod-Beroud and Boileau,
2002). The syndrome is characterized by a considerable
variation in the clinical phenotype between families and
also within the same family. Severe neonatal MFS has
features of MFS and congenital contractural arachnodactyly
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present at birth, along with unique features such as loose,
redundant skin, cardiac malformations, and pulmonary
emphysema (Collod-Beroud and Boileau, 2002). A specific
pattern of mutations is observed in exons 24 to 26 in as-
sociation with neonatal MFS. In fact, 73.1% of mutations
are located in this region in the neonatal form of the dis-
ease, but only 4.8% of the mutations associated with a
classical MFS are located in these exons (FBN1 database;
http://www.umd.be; Collod et al., 1996; Collod-Beroud
et al., 2003).

An interesting project attempted to connect human
phenotype and clinical data in various LSDBs with data on
genome sequences, evolutionary history, and function from
the ENCODE project and other resources in genome
browsers. Phenotypes for ENCODE (PhenCode; http://
www.bx.psu.edu/phencode; Giardine et al., 2007b) is a
collaborative, exploratory project to help understand the
phenotypes of human mutations in the context of sequence
and functional data from genome projects. The project
initially focused on a few selected LSDBs, namely HbVar
(HBA2, HBA1, and HBB genes), PAHdb (PAH gene;
Scriver et al., 2000), etc. Interesting mutations found in a
genome browser can be tracked by following links back to
the LSDBs for more detailed information. Alternatively,
users can start with queries on mutations or phenotypes at
an LSDB and then display the results at the genome
browser to view complementary information such as
functional data (e.g., chromatin modifications and protein
binding from the ENCODE consortium), evolutionary
constraint, regulatory potential, and/or any other tracks.
PhenCode provides a seamless, bidirectional connection
between LSDBs and ENCODE data at genome browsers,
which allows users to easily explore phenotypes associated
with functional elements and look for genomic data that
could explain clinical phenotypes. Therefore PhenCode is
not only helpful to clinicians for diagnostics, but it also
serves biomedical researchers by integrating multiple types
of information and facilitating the generation of testable
hypotheses to improve our understanding of both the
functions of genomic DNA and the mechanisms by which
it achieves those functions. These and other types of data
provide new opportunities to better explain phenotypes.

20.5.3 Selection of the Optimal Mutation
Detection Strategy

As LSDBs collect all published and unpublished genomic
variants, they are very useful in defining an optimal genetic
screening strategy, especially when targeted resequencing is
needed. Therefore an overview of the distribution of variants
at the exonic level can help to focus on specific exons,
where most of the variants are located. The best example is
given by the study of the TP53 gene involved in up to 50%

of human cancers (Soussi, 2000). This gene is composed of
11 exons from which 10 are transcribed in a 393 amino
acids protein. The distribution of the over 25,000 variants
reported in the TP53 database available either in a UMD
(http://www.umd.be) or LOVD format (http://www.lovd.nl;
see paragraph 22.7) shows that approximately 95% of mu-
tations are located in 4 out of the 11 exons of the gene
(exons 5e8; Beroud and Soussi, 2003; Soussi and Beroud,
2003). This observation has led 39% of research groups to
search for mutations only in these exons, whereas 13%
performed a complete scanning of the gene (Soussi and
Beroud, 2001). Although this strategy is cost-effective, one
needs to be careful in case of a negative result and should
perform a complete scanning in order to avoid bias, as
described in Soussi and Beroud (2001).

Similarly, summary listings of variations documented in
LSDBs (such as those provided in LOVD-based LSDBs)
help to choose the best experimental approach. For
example, if most variants are nonsense, the protein trun-
cation test could be one of the best approaches, whereas
sequencing is considered to be the golden standard for
variant detection. Certain LSDBs may contain additional
information about primers and technical conditions to help
new research groups or diagnostic laboratories establish
their own diagnostic procedures, such as those for the
various genes involved in muscular dystrophies (http://
www.dmd.nl) and thalassemias (http://www.goldenhelix.
org/xprbase; a companion database to HbVar; Giardine
et al., 2007a).

Finally, in a few LSDBs, explicit information is pro-
vided regarding the mutation pattern associated with a
population/ethnic group and/or geographical region. This
information can be extremely helpful in stratifying muta-
tion detection strategies. In other words, in ethnic groups
with a more or less homogeneous mutation pattern, muta-
tion screening efforts can be either targeted to those
genomic regions where the majority of mutations have been
reported or to a specific mutation detection technique, i.e.,
amplification-refractory mutation system or restriction
enzyme analysis, thus saving time and resources. If avail-
able, coupling LSDB with NEMDB resources would
further facilitate these efforts. However, as previously
explained, extreme caution should be taken in case of a
negative result that would require complete mutation
scanning in order to avoid bias.

20.5.4 Comparison Among Various Locus-
Specific Databases

Several hundred LSDBs are available on the Internet,
which sometimes makes it difficult to choose the “best”
one. In addition, there is often more than one LSDB per
gene locus, from which it is hard to determine the
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“reference” and best-curated LSDB. This fact generates
confusion to potential users as to which LSDB to choose.
This can be particularly worrying, since not all databases
conform to the proposed quality guidelines or are curated or
updated frequently, and they are rather diverse in terms of
content and structure.

In 2010, Mitropoulou et al. performed a thorough
domain analysis of the 1,188 existing LSDBs in an effort to
comprehensively map data models and ontology options,
on which existing LSDBs are based, in order to provide
insight into ways the field should further develop and to
produce recommendations toward the implementation of
LSDBs for use in a clinical and genetic laboratory setting.
This effort came as a follow up of the comparative analysis
of Claustres et al. (2002), dictated by the rapid growth of
LSDBs and the vast data content heterogeneity that char-
acterizes the field. These LSDBs were assessed for a total
of 44 content criteria pertaining to general presentation,
locus-specific information, database structure, data collec-
tion, variant information tables, and database querying.

A key observation that derived from this analysis is the
fact that more and more LSDBs are generated using an
often downloadable LSDB management system, hence
adequately tackling the issue of dataecontent heterogeneity
that existed in the dawn of the LSDB era in the early 2000s.
Overall, several elements have helped to advance the field
and reduce data heterogeneity, such as the development of
specialized DBMS and the creation of improved data
querying tools, while a number of deficiencies were iden-
tified, namely the lack of detailed disease and phenotypic
descriptions for each genetic variant and links to relevant
patient organizations, which, if addressed, would allow
LSDBs to better serve the clinical genetics community.
Based on these findings, Mitropoulou et al. (2010) pro-
posed an LSDB-based structure, which would contribute to
a federated genetic variation browser and also allow the
seamless maintenance of genomic variation data. To this
end, this effort constituted a formal “requirements analysis”
that was undertaken by the GEN2PHEN project (http://
www.gen2phen.org), aiming to contribute guidelines
upon which the LSDB field can be further evolved,
formalize the data models and the nomenclature systems
being utilized by the entire LSDB community, and maxi-
mize synergy with groups involved in the LSDB field.

20.6 NATIONAL/ETHNIC MUTATION
DATABASES: ARCHIVING THE GENOMIC
BASIS OF HUMAN DISORDERS ON A
POPULATION BASIS

NEMDBs are genomic variant repositories, recording
extensive information over the described genetic hetero-
geneity of an ethnic group or population. These resources
emerged mostly driven by the need to document the
varying mutation spectra observed for any gene (or

multiple genes) associated with a genetic disorder among
different population and ethnic groups (Patrinos, 2006).

In general, NEMDBs can be divided in two sub-
categories. The “National Genetic” (or Disease Mutation)
databases, the first ones that appeared online, record the
extant genetic composition of a population or ethnic group
but with limited or no description of mutation frequencies.
The first NEMDB to come online was the Finnish database
(http://www.findis.org; Sipila and Aula, 2002), which was
rich in information but provided a very limited querying
capacity, particularly for allelic frequencies. On the other
hand, the “National Mutation Frequency” databases pro-
vide comprehensive information only of those inherited,
mostly monogenic, disorders whose disease-causing mu-
tation spectrum is well defined. The Hellenic and Cypriot
NEMDBs (Patrinos et al., 2005a; Kleanthous et al., 2006;
respectively) introduced a specialized database manage-
ment system for NEMDBs that enabled both basic query
formulation and restricted-access data entry so that all re-
cords are manually curated to ensure high and consistent
data quality (van Baal et al., 2010).

In order to provide a simple and expandable system for
worldwide population-specific mutation frequency data
documentation, the latter NEMDB group was used as the
basis for the design of the Frequency of INherited Dis-
orders database (FINDbase; http://www.findbase.org), a
relational database that records frequencies of clinically
relevant genomic variants worldwide (van Baal et al.,
2007). Even from its first version, FINDbase offered a
user-friendly query interface, providing instant access to
the list and frequencies of the different mutations and
query outputs that can be either in a table or graphical
format.

In 2010, FINDbase migrated to the new version of the
ETHNOS software, which included new data querying and
visualization tools to further exploit the expanded FIND-
base data collection (Georgitsi et al., 2011a). The data
querying and visualization tools were built around Micro-
soft’s PivotViewer software (http://www.getpivot.com),
based on Microsoft Silverlight technology (http://www.
silverlight.net), which provides an elegant, web-based
multimedia interface for population-based genetic varia-
tion data collection and retrieval. The whole system ar-
chitecture is based on a three-tier client-server model
(Eckerson, 1995), namely the client application, the appli-
cation server, and the database server. All of the FINDbase
data records were converted to a set of files on a server,
which were CXML- and Deep Zoom-formatted images
(http://msdn.microsoft.com/en-us/library/cc645077%28VS.
95%29.aspx). When the user browses the collection from a
webpage, the PivotViewer uses the Silverlight Control to
display the files. The entire FINDbase causative mutations
data collection via PivotViewer is shown in Fig. 20.1,
which enables the user to simultaneously interact with large
data sets. PivotViewer enables users to smoothly and
quickly arrange FINDbase data collections according to
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common characteristics that can be selected from the data
query menu (Georgitsi et al., 2011a) and then zoom in for a
closer look by either filtering the collection to get a subset
of information or clicking on a particular display item. Each
display item, in the form of a card (Fig. 20.2) with a
chromosomal figure (derived from http://www.genecards.
org) displaying the gene position, is provided for each
genetic variation, along with a sidebar text box with in-
depth data concerning the particular genetic variation and
population. Hyperlinks to the OMIM database and HGMD
for each gene name offer the user the possibility of easily
accessing additional information.

In particular, the new FINDbase data querying and
visualization environment enables the user to perform
simple and complex queries, visualize and sort, organize
and categorize data dynamically, and discover trends across
all items, using different views. In 2012, additional visu-
alization tools were implemented (Viennas et al., 2012;
Papadopoulos et al., 2014) based on the Flare visualization
toolkit (http://flare.prefuse.org), which provides two extra
types of data query and visualization outputs, namely the
Gene and Mutation Map and the Mutation Dependency
Graph. The Gene and Mutation Map is based on a tree-
map, which constitutes an easy way of analyzing large
data sets (http://www.cs.umd.edu/hcil/treemap). In FIND-
base, the tree-map corresponds to mutation frequencies
estimated for each population. Each rectangle represents a
population’s mutation, and a specific color corresponds to
each population. The area covering each node encodes the
frequency of rare alleles. Each time the user clicks on a
node, the occurrence of the selected mutation is shown over
all populations. Similarly, the Mutation Dependency Graph

visualizes the dependencies that occur among different
populations on the basis of a selected genomic variant. In
FINDbase, population names are placed along a circle, and
these populations are clustered based on the presence and/
or the frequency of a certain genomic variant. A link be-
tween populations indicates that these populations have the
same genomic variant in common, and by clicking on a
specific population, the user can see all of the relevant
dependencies of that population concerning the selected
genomic variant. These tools, available only for the caus-
ative mutation FINDbase module, provide the means of
establishing relationships among different populations on
the basis of certain genome variants and together with the
basic data querying option provided by the
PivotViewer significantly enhance the battery of data
visualization tools available to explore FINDbase data
content.

Apart from the documentation of causative genomic
variants, leading to inherited disorders, two additional
modules have been implemented in FINDbase:

1. The Pharmacogenomics Biomarker module, which
comprehensively documents the incidence of pharma-
cogenomics biomarkers in different populations (Geor-
gitsi et al., 2011b). This is a much-needed addition,
since population- and ethnic group-specific allele fre-
quencies of pharmacogenomic markers are poorly docu-
mented and not systematically collected in structured
data repositories.

2. The Genetic Disease Summaries module, which is in
fact the evolution of the first flat-file ETHNOS-based
NEMBDs (van Baal et al., 2010). As with existing

FIGURE 20.1 Overview of the newly designed FINDbase causative mutation module data collection, based on Microsoft’s PivotViewer and Silverlight
technology. The querying interface is shown on the left, and the output option can be selected at the top right corner of the screen. The different entries are
shown as colored boxes, presented as display items (see Fig. 20.2). The user can zoom in for a closer look or click on a particular item to get more in-depth
information.
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FINDbase modules for causative mutations and phar-
macogenomic biomarkers, the component services of
this module were also built using the same principles
and exploiting PivotViewer and Microsoft Silverlight
technology. In this module, database records include
the population, the genetic disease, the gene name, the
OMIM ID, and the chromosome on which it resides.
These are all included in the query interface.

To maximize the utility of NEMDBs, given their scope,
the mode by which their content is provided needs to
provide a seamless integration with related content in
LSDBs and GMDs (Patrinos and Brookes, 2005).
Furthermore, as is always desirable for specialized data-
bases, extensive links to other external information (e.g., to
OMIM and to various types of genome sequence annota-
tions) would ideally be provided as part of the necessary
tying together of the growing network of genomic
databases.

20.6.1 National/Ethnic Mutation
Databases and Genetic Testing

NEMDBs can be helpful in multiple ways in a molecular
diagnostic setting. First of all, they can help optimize na-
tional molecular diagnostic services by providing essential
reference information for the design and implementation of
regional or national mutation screening efforts (see also
Section 20.4). In addition, NEMDBs can enhance aware-
ness among clinicians, bioscientists, and the general public
about the range of the most common genetic disorders
suffered by certain populations and/or ethnic groups. Based
on populations’ mutation spectra, customized genetic tests
can be designed. Several diagnostic companies have
designed kits for b-thalassemia, which qualitatively detect
the most common Mediterranean and Asian b-thalassemia
mutations (reviewed in Patrinos et al., 2005b). Most
importantly, these databases can also assist in interpreting
diagnostic test results in countries with heterogeneous

FIGURE 20.2 Example of a display item provided for each causative mutation (SERPINA1 c.863 A>T), leading to a1-antitrypsin deficiency,
accompanied by a sidebar text box with in-depth data concerning the particular variant and population (Italy; shown on the right). Each item includes the
name of the allele in its official Human Genome Variation Society (or other) nomenclature system, if available; the population for which this information
is available (shown by the country’s flag); and a chromosomal map, where the gene’s position is indicated. Hyperlinks for each gene to the Online
Mendelian Inheritance in Man database offer the user the possibility of easily accessing additional information. Finally, each item displays the corre-
sponding PubMed and Researcher IDs, if applicable. Similar display items are also used for the Pharmacogenomic Biomarkers and Genetic Disease
Summaries modules (not shown).
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populations, particularly where the interpretation of test
results in minority ethnic groups may be ambiguous or
problematic (Zlotogora et al., 2007, 2009).

20.6.2 National/Ethnic Mutation
Databases and Society

Apart from their importance in a clinical laboratory setting,
NEMDBs can also contribute toward the elucidation of
populations’ origins and migrations. The history of a certain
population is tightly linked with the history of its allele(s).
Therefore NEMDBs, particularly those including data from
many population groups, can serve as the platform for
comparative genomic studies that can reciprocally provide
insights into, for example, the demographic history of hu-
man populations, patterns of their migration and admixture,
gene/mutation flow, etc. NEMDBs can therefore be partic-
ularly helpful in determining the microevolution of human
populations via precise ethnic identification that in turn is
extremely important for the rapid transition of modern so-
cieties, through migration, into multiethnic societies.

To this end, in order for an NEMDB to be maximally
comprehensive and accurate, it is vital that certain param-
eters are strictly observed. In the case of recurrent mutation
events (e.g., sickle cell mutation), caution should be taken
to precisely record the underlying genomic background on
which a mutation has occurred. Furthermore, mutation
frequencies should be calculated based on the most repre-
sentative study that involves sufficient numbers of patients
and controls. The estimation of absolute mutation fre-
quencies based on multiple reports has the inherent danger
of including redundant cases that can alter the calculated
allele frequencies. Finally, the very delicate issue of ano-
nymity should be adequately preserved by including data
only at the summary rather than the individual level, so that
NEMDB data contents consist only of a number of chro-
mosomes rather than sensitive personal details of their
carriers. Several recommendations and guidelines to facil-
itate the participation of emerging countries in genetic
variation data documentation, ensuring an accurate and
comprehensive worldwide data collection, have been pro-
posed (Patrinos et al., 2011): (1) developing procedures to
include clinicians and researchers in developing nations; (2)
creating international networks from closely related pop-
ulations to enhance communication and interaction and
initiate research networks between them; (3) fostering
communication, interaction, and research networks be-
tween developing and developed countries; (4) ensuring
that the DBMS that are being used or developed can be
utilized by those in a limited resource environment; (5)
providing support to developing countries to build capacity
and to fully participate in the collection, analysis, and
sharing of genetic variation information; (6) developing a
framework to facilitate interactions between the

coordinating center and national, regional, and international
agencies; and (7) ensuring that all ethical, legal, religious,
and social issues are thoroughly considered when
NEMDBs and/or data capture projects are launched in
developing countries. Based on these recommendations, a
number of Country Nodes have been developed for the
Human Variome Project (HVP; Patrinos et al., 2012b).

20.7 DATABASE MANAGEMENT SYSTEMS
FOR LOCUS-SPECIFIC DATABASES AND
NATIONAL/ETHNIC MUTATION
DATABASES

Ever since the development of the first genetic databases,
a number of guidelines and recommendations for muta-
tion nomenclature (den Dunnen and Antonarakis, 2001;
den Dunnen and Paalman, 2003), content, structure
(Scriver et al., 1999), curation, and the deployment of
LSDBs (Claustres et al., 2002; Cotton et al., 2008;
Mitropoulou et al., 2010) and NEMDBs (Patrinos, 2006,
2012b) have been produced to encourage the
harmonization of LSDB and NEMDB development and
curation.

To facilitate interested parties and research groups to
develop and curate their own LSDBs and NEMDBs,
generic tools, known as DBMS, have been made available.
Several off-the-shelf, freely available, and user-friendly
software packages have been developed for LSDB devel-
opment and curation, including MUTbase (Riikonen and
Vihinen, 1999); UMD (Beroud et al., 2000); Mutation
Storage and Retrieval (Brown and McKie, 2000); and
LOVD (Fokkema et al., 2005). From these, LOVD, now in
V3.0 with a total of 13,125,955 (2,406,719 unique) variants
in 83 LOVD installations (last accessed March 2016), in
synergy with the HVP (Kaput et al., 2009; Cotton et al.,
2009; http://www.humanvariomeproject.org), the National
Center for Biotechnology Information (NCBI), and other
online resources, is considered by far to be the most
commonly used DBMS for LSDB development and cura-
tion. This software provides, mostly in a tabular format and
in an easy-to-query manner, detailed lists of all variants
documented for a specific gene locus (Fig. 20.3), while a
summary page allows the user to scan through graphical
summaries of all genomic variants available in a specific
installation (Fig. 20.4). In its newest release, LOVD ex-
tends this concept to provide patient-centered data storage
and storage of next generation sequencing data, hence
allowing for the deposition of variants that reside in inter-
genic regions with possible functional significance.

As far as NEMDBs are concerned, ETHNOS (van Baal
et al., 2010) is available, on which the first-generation
NEMDBs and FINDbase were developed. Table 20.1
summarizes the existing DBMS available today.
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These user-friendly DBMS are designed to promote the
creation of more and better LSDBs by reducing or elimi-
nating the requirement of substantial knowledge of
computing and bioinformatics for interested parties to

establish an LSDB from scratch. In addition, the use of off-
the-shelf solutions positively impacts data uniformity and,
contrary to the NEMDBs structure and data content that is
relatively uniform since this discipline has more recently

FIGURE 20.3 Overview of a typical Leiden-Open (source) Variation Database gene homepage (in this example for the KLF1 gene). Detailed infor-
mation regarding the total number of variants documented and the names and contact details of the database curators are provided along with hyperlinks to
related resources, such as the Online Mendelian Inheritance in Man database, NCBI, etc. Graphical displays are also provided in conjunction with other
resources.
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emerged, the use of such DBMS in the LSDB domain
resulted in a significant increase of LSDB structure and data
content homogeneity (Mitropoulou et al., 2010), hence
drastically solving the issue and increasing data uniformity
among these resources.

Finally, the use of DBMS that can be run on any
platform will reduce the risk of the database being “lost.”
If database curation for some reason, e.g., a lack of
funding, is interrupted, data will then be transferred
directly between platforms or locations, and they will
remain accessible to all. Potential curators will be
encouraged to set up LSDBs, with the choice of using
these software packages locally on their own workstations
or, most importantly, having their databases hosted on a
central server on the Internet.

20.8 INCENTIVIZING DATA SHARING:
THE MICROATTRIBUTION APPROACH

The advent of next-generation sequencing (see Chapter 9)
poses new challenges as to which extended individual ge-
nomes differ from each other and how phenotypic variation
can be attributed to these differences. To address this, DNA
sequence data will have to be matched with well-defined
phenotypes to make meaningful connections between

structure, function, and mechanism. A major hurdle to
address this issue is to motivate data submitters to share
their findings, since it has become increasingly difficult to
report small numbers of human variants in scientific
journals.

Traditionally, authors of scientific articles describing
genomic variants were rewarded by citations of their publi-
cations describing these variants. However, the increased
rate of discovery through resequencing efforts far exceeds
the capacity of citations of individual publications to give
adequate credit. On the other hand, discovered variants can
be deposited into genetic databases, such as those described
above, but data submitters do not get any credit for sharing
their data. To overcome this problem, Giardine et al. (2011)
proposed and implemented a process for capturing such in-
formation with the incentive of microattribution, whereby
the contribution of those collecting new detailed genotype/
phenotype data is positively encouraged and appropriately
acknowledged and rewarded. As such, microattribution can
give credit to the discoverers of variants deposited in data-
bases. At first, all genetic variation data have to be collected
and documented in a genetic database with the appropriate
attribution of data contributors. All genomic variants should
then be deposited into stable, publicly available, and well-
maintained central repositories [e.g., NCBI, European

FIGURE 20.4 Screenshot of the variant statistics summary page of a typical Leiden-Open (source) Variation Database webpage (KLF1 in this case; see
also Fig. 20.3). The different types of variants for DNA, RNA, and protein are provided in blue (observed variants) or red (predicted variants). Variants are
also clustered per exons and introns, hence allowing for the identification of mutational hotspots, facilitating the design of molecular diagnostics assays.
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Bioinformatics Institute (EBI)] that would run independent
microattribution services based on an individual researcher’s
unique identity, such as is aimed for by the Open Researcher
and Contributor ID consortium (http://orcid.org), Research-
erID (http://www.researcherid.com), OpenID (http://openid.
net), etc.

Depositing genome data as “nanopublications” (Mons
and Velterop, 2009), contributed by an individual
researcher or research group, in a stable and accessible
format in open repositories, would allow for the mining for
citations associated with this/these authors’ unique IDs. In
other words, a nanopublication is the smallest unit of
publishable information that can be linked to its contributor
via his or her unique scientific identity and which can be
cited and evaluated in terms of its impact upon the research
community. Subsequently, a Microattribution Analysis
article, i.e., a comprehensive high-profile article commis-
sioned by the journal’s editor and stringently peer-
reviewed, would summarize the features of all variants at
a particular locus, such as phenotypes, clinical findings,
allele frequencies, and so on. In this article, all genome
variant contributors who are authors of the nanopublication
collection constituting the Microattribution Analysis article
would be considered as coauthors or would in the future
receive citations on their individual nanopublications.

There are several advantages to this approach. First of
all, the nature of the nanopublication is such that it does not
need to be related to a full scientific article (although this is
also an option); it can refer to a database from which it is
derived. Moreover, nanopublications can be encoded in the
Resource Description Framework to become part of the
Semantic Web and transferred between computers using
Extensible Markup Language. As such, nanopublications
can be more easily queried and retrieved through the Web,
something that is not feasible for regular articles. Most
importantly, nanopublications have the potential to incen-
tivize potential data contributors to place their data in the
public domain for others to freely access and optimally
exploit, since nanopublications can be attributed and cited
in the same way as regular articles (Mons et al., 2011). This
can have a significant impact upon future scientific publi-
cation modalities, since it facilitates data mining, enables
data sharing, and increases the likelihood of an article being
retrieved and cited.

Microattribution was first implemented using the hu-
man globin genes, and the resulting hemoglobinopathies
and thalassemias are an example of the systematic docu-
mentation of genetic variation leading to human genetic
disorders (Giardine et al., 2011). Through this exercise, a
multicenter consortium has demonstrated that not only
can microattribution incentivize data contribution, but
most importantly, it shows how an integrated human
variant database can provide key insights into human
genetic diseases, which otherwise would not be possible.

In other words, Giardine et al. (2011) showed that
microattribution provides an important mechanism and
incentive for researchers to report all variants within a
specific gene or disease network. Following the principles
established for the hemoglobinopathies, these databases
should provide a key resource for understanding the
molecular pathology of human genetic diseases. At the
same time, microattribution was successfully imple-
mented to incentivize data sharing in NEMDBs (Georgitsi
et al., 2011b) and clinical genetics databases (Sosnay
et al., 2013; Thomson et al., 2014a).

Still, there are several issues that should be addressed
before microattribution and/or similar initiatives can be
successfully implemented in practice (Patrinos et al.,
2012b). First, the single most important contribution of
microattribution to increase the rate of data submission is to
incentivize individual researchers or research groups to
submit their newly acquired and unpublished mutation/
variation data to a public repository or database in return for
appropriate credit and attribution. As such, these initiatives
presuppose the existence of well-curated data repositories
and underlying mutation data sets as skeleton structures.
Second, the successful adoption of microattribution would
require its own quality evaluation/peer-review process by
international experts to review and curate the submitted
data where necessary. In the context of human genome
variation data, a sensible approach would be to base the
whole process around one or more preexisting, freely
available, high-quality centralized databases, as previously
proposed (Giardine et al., 2011; Georgitsi et al., 2011b). In
relation to this approach, serious consideration must be
given to the scale of funding required to run such a venture.
One possible funding mechanism would be an article pro-
cessing charges-type of fee, similar to those imposed in
open-access journals, a solution that may easily be provided
by partnering a centralized data repository with a major
publishing group(s) along the lines of a database-journal-
like model (Patrinos and Wajcman, 2004; Patrinos and
Petricoin, 2009).

Another challenge in capturing all ascertained genome
variation data lies in the incentivization of public and pri-
vate genetic diagnostic laboratories, provided of course that
certain ethical issues are overcome, such as obtaining the
necessary consent or establishing a specific policy to
conceal one’s personal details upon data submission.
Certain DBMS have made provisions to contribute pa-
tients’ genomic data without revealing any sensitive per-
sonal details, both in the context of individuals (Fokkema
et al., 2011) and of culturally sensitive population groups
(Zlotogora et al., 2009). Another practical step that could be
implemented to tackle this bottleneck would be to include
data contributions to public repositories as a necessary
quality control requirement for the accreditation process of
a genetic laboratory. Such a measure is already being
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implemented by the Israeli Ministry of Health (Zlotogora
et al., 2009).

Microattribution should also be implemented in such a
way as to inspire busy, high-profile researchers and their
groups to populate LSDBs with genome variation data. In
other words, it may be possible to not only track a re-
searcher’s contribution as a means of providing publication
credit but also establish a microcredit measure for database
development, maintenance, and curation efforts, involving,
for example, manual data content curation and expansion
by adding related information from the literature, verifying
data correctness, and cross-linking/partnering with other
databases. At present, such efforts go largely unnoticed,
since they cannot be measured by traditional publication
metrics. This requires new mechanisms for citation metrics
that will be adopted on top of already existing ones (e.g., H-
index, etc.). As such, the technical ability to cite and
attribute small yet significant contributions to -omics in-
formation in general is necessary but not sufficient to
change the culture of attribution and reward in the bio-
logical sciences.

Even though the value of incremental micro-
contributions to the scientific knowledge base is widely
recognized by the research community itself, the reward
systems used by funders and faculty bodies to decide upon
issues of tenure and promotion are not yet ready to ac-
commodation this shift. It is therefore imperative that,
alongside technical changes, social changes are made to
make the scientific reward system ready for the next de-
cades, including taking into account the crucial role that
curated resources such as LSDBs, NEMDBs, and central
databases play in modern genomics and translational
research and the vital need for fundraising to keep these
resources well maintained and sustainable for the long term
(and hence viable). This latter requirement is infinitely
more significant, since an objective database quality

measure for reviewers to assess is the number of visits and
overall citations to the reports describing the database itself
or the database traffic metrics.

20.9 FUTURE CHALLENGES

Notwithstanding the technical challenges, perhaps more
difficult to overcome will be problems associated with the
way not only data submission is rewarded (see previous
paragraph) but also how database research is organized and
motivated. For example, forming consensus opinions and
truly committed consortia in order to create standards is far
from easy in the highly competitive world of science. This
may partly explain why leading bioinformatics activities
are often conducted in large, specialized centers (e.g., the
EBI and the US NCBI) where the political influence and
critical mass is such that what they produce automatically
becomes the de facto standard. These groups, however,
cannot build all of the necessary GMDs, LSDBs, and
NEMDBs that are needed. They could, however, help
others (biological domain experts) to do it and then inte-
grate all of their efforts (Stein, 2002).

In 2006, the HVP was globally initiated, aiming to
catalog all human genetic variations and to make that
information freely available to researchers, clinicians, and
patients worldwide (Ring et al., 2006). The HVP (http://
www.humanvariomeproject.org) envisions achieving
improved health outcomes by facilitating the unification
of human genetic variation and its impact on human
health (Horaitis et al., 2007). It will support the use of
human variation information in clinical and research en-
vironments across the world by developing the resources
required to undertake the following key tasks: (1) to
capture and archive all human gene variations associated
with human diseases developed from gene-specific cura-
tion in a central location with mirror sites in other

TABLE 20.1 Database Management Systems for the Development and Curation of Locus-Specific

Databases and National/Ethnic Mutation Databases

DBMS URL

Installations

References2008 2016

LSDBs

MUTbase http://bioinf.uta.fi/MUTbase N.A. N.A. Riikonen and Vihinen (1999)

UMD http://www.umd.be 18 34 Beroud et al. (2000)

MuStaR http://www.hgu.mrc.ac.uk/Softdata/Mustar 4 N.A. Brown and McKie (2000)

LOVD http://www.lovd.nl 20 86 Fokkema et al. (2011)

NEMDBs

ETHNOS http://www.findbase.org 12 90 Van Baal et al. (2010)

N.A.,not available.

Genomic Databases: Emerging Tools for Molecular Diagnostics Chapter | 20 365

http://www.humanvariomeproject.org
http://www.humanvariomeproject.org
http://bioinf.uta.fi/MUTbase
http://www.umd.be
http://www.hgu.mrc.ac.uk/Softdata/Mustar
http://www.lovd.nl
http://www.findbase.org


countries to maximize data security and integrity, allow-
ing for searching across all genes using a common
interface; (2) to establish systems that ensure the adequate
curation of human variation knowledge from LSDBs,
NEMDBs, or disease-specific database perspectives to
improve accuracy, reduce errors, and develop a compre-
hensive data set comprising all human genes; (3) to
facilitate the development of software to collect and ex-
change human variation data in a federation of GMDs,
LSDBs, NEMDBs, and disease-specific databases; (4) to
create a support system for research laboratories for the
collection of genotypic and phenotypic data together us-
ing the defined reference sequence in a free, unrestricted,
and open access system and create a simple mechanism
for logging discoveries; (5) to develop ethical standards
that ensure open access to all human variation data that
are to be used for global public good and address the
needs of indigenous communities under threat of dilution
in emerging countries; (6) to provide support to devel-
oping countries to build capacity and to fully participate
in the collection, analysis, and sharing of genetic variation
information; and (7) to establish a communication and
education program to collect and spread knowledge
related to human variation knowledge to all countries of
the world (Kaput et al., 2009; Cotton et al., 2009).

An enormous amount of content already exists in the
digital universe, characterized by high rates of new in-
formation that is added, distributed, and demands
attention. This big data momentum lacks applicability
and societal impact at significant levels, as there are
several gaps at various knowledge levels that set in-
dividuals and experts apart. Indicatively, genetic infor-
mation cannot be equally understood by a researcher, a
geneticist, or a clinician. For this, IT tools are antici-
pated to play a crucial role toward data management
and decision making. In this context, DruGeVar (Dala-
bira et al., 2014) was developed as an online resource
to triangulate drugs with genes and variants that serve
as pharmacogenomic biomarkers. On the basis of such a
clinical pharmacogenomics initiative, an electronic
pharmacogenomics assistant would be of value. Pota-
mias and coworkers developed such a system to provide
personalized drug recommendations based on the
genotype-to-phenotype data presented and validated by
regulatory agencies. Of course, such an electronic
pharmacogenomics assistant may assist biomedical
research toward the identification of new gene-variant-
biomarker entities (Potamias et al., 2014).

Finally, the most fundamental hurdle of all that retards
the field is that of limited funding. Because of this, almost
all mutation databases in existence have been built by re-
searchers “on the side” for their own use, with a small
degree of sponsorship/funding at best. To advance beyond
this cottage industry state of affairs, projects need to be
increased in scale, quality, and durability, and this can only
happen if strategically minded funding agencies make

available substantial targeted funds. The new databases that
emerge will then need long-term support for general
maintenance and further development. To solve this, the
projects may ultimately need to be run as self-sustaining
“businesses” that charge for data access, and/or it might
be possible to develop novel forms of joint academic-
corporate funding.

With great vision, in 2007 the European Commission
announced the first call for proposals for the seventh
Framework Program (FP7; thematic area HEALTH),
which included a topic on “.unifying human and model
organism genetic variation databases.” This topic focused
on developing a data and analysis structure by creating a
hierarchy of bioinformatics grid-linked databases, tools,
and standards, centered on a generalized existing or novel
genome browser. GEN2PHEN (2007e13; http://www.
gen2phen.org), a large-scale project with 19 participating
academic and corporate entities, was funded from this call
for proposals, aiming to unify human genetic variation
databases toward increasingly holistic views into
genotype-to-phenotype (G2P) data and to link this system
to other biomedical knowledge sources via genome
browser functionality. The GEN2PHEN strategy was
designed to do the following: (1) analyze the G2P field
and investigate current needs and practices; (2) develop
key standards for the G2P field; (3) create generic database
components, services, and integration infrastructures for
the G2P domain; (4) create data search and presentation
solutions for G2P knowledge; (5) facilitate the populating
of research and diagnostic G2P databases; (6) build a
major G2P internet portal; (7) deploy GEN2PHEN solu-
tions to the community; and (8) address system durability
and long-term financing. Consequently, a similar FP7
project (RD-Connect; http://www.rd-connect.eu; Thom-
son et al., 2014b) is envisaged to act as a warehouse for
bioinformatics solutions to facilitate research and discov-
ery in rare diseases. Similar funding opportunities have
also been announced from other funding bodies, such as
the National Institutes of Health in the United States,
aiming to address this need.

20.10 CONCLUSIONS

It is widely accepted that LSDBs and NEMDBs are
increasingly becoming valuable tools in molecular di-
agnostics. Although there has been a significant
improvement in both qualitative (data uniformity and
database quality) and quantitative terms (an increase in the
number of LSDBs and NEMDBs), there are still limita-
tions in the degree of interconnection of these resources to
capture all that is known and being discovered regarding
pathogenic DNA variants. The main reason for this defi-
ciency is that the modern research ethos fails to provide
adequate incentives (i.e., publication options, peer recog-
nition, funding) to encourage researchers to build new
and/or curate existing databases. Apparently, the
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biomedical community must first appreciate the over-
whelming need for further improving genetic/mutation
database systems, and the most adequate solution will then
presumably follow.
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21.1 INTRODUCTION

Forensic DNA testing, first introduced in the mid-1980s
(Gill et al., 1985; Jeffreys et al., 1985, 1992; Jeffreys,
1985), has aided the criminal justice system by assisting
with the conviction of perpetrators and exonerating the
innocent. Remains from missing persons and mass disasters
have been identified through genetic testing, and parentage
and kinship questions have been answered (Clayton et al.,
1995; Prinz et al., 2007). New technologies and molecular
applications are continually being embraced by the forensic
biology community, resulting in regular and substantial
improvements in the field’s ability to generate information
and to meet the throughput demands of law enforcement
investigators and the judicial system. Advances that now
allow for the cost-effective sequencing of entire human
genomes and the development of instrument platforms that
can sequence single molecules of DNA have already had a
transformative impact on the biomedical community. The
forensic community now stands to be transformed by these
advances as well. This chapter will provide a broad over-
view of some of the history as well as the current and future
directions of molecular-level forensic biological analyses.

21.1.1 Historic Overview of Human
Identity Testing Prior to DNA

Historically, polymorphic protein markers held promise for
human identity testing (Li, 2015). The first genetic tool
used to compare individuals was the ABO blood types,
which included four possible phenotypes: A, B, AB, and O.
This blood group system was first discovered by Karl
Landsteiner in the early 1900s and relied on the detection of
antigenic variants on the surface of red blood cells

(erythrocytes) (Yamamoto et al., 1990). While an incon-
sistency, or nonmatch, between an item of evidence and a
reference sample was a powerful elimination tool, a match
did not carry a high power of discrimination. This was
unavoidable given that 44% of the US population has type
O blood, and 40% has type A blood. Other genetic blood
typing systems, such as the MN (named, respectively, after
the second and fifth letters of the word immune) and Rh
(named for rhesus monkeys where this antigen was first
found) systems, were used for forensic applications (Bar-
gagna and Pereira, 1967; Hagins et al., 1978; Springer and
Desai, 1975). However, due to the limitations of these basic
blood group systems, additional inherited protein poly-
morphic markers were assessed in an effort to increase the
power of discrimination for human identity purposes.
Variations in amino acid sequences responsible for protein
variants could be readily identified by differences in mo-
lecular mass using standard electrophoretic separation and/
or differences in molecular charge using isoelectric
focusing electrophoresis (Budowle and Murch, 1986).
Variants of phosphoglucomutase, a metabolic enzyme that
facilitates the interconversion of glucose 1-phosphate and
glucose 6-phosphate, were first described in the 1960s. The
identification of specific isoforms was applied to the testing
of both blood and semen samples. Human erythrocytes and
blood serum contained a number of additional protein
markers that featured different isoforms. The most common
of these included erythrocyte acid phosphatase, esterase D,
adenylate kinase, glyoxalase I, and adenosine deaminase
(Li, 2015) (Table 21.1). While the combination of these
protein markers improved discrimination between humans,
each of these proteins typically contained only two or three
isoforms. Thus even when used in conjunction with the
blood typing systems, the power of discrimination failed to
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even approach what is achievable with DNA-based
profiling. Aside from their relatively poor power of
discrimination, the use of protein-based identification sys-
tems also suffered from persistence issues due to adverse
environmental conditions that are often encountered in a
forensic context. Detection sensitivity presented still
another challenge, as some protein markers were not pre-
sent at reliably detectable levels in all tissue types. The
ability to reproducibly type DNA from biological evidence,
therefore, has been hailed as one of the most important
developments in the field of forensic science.

21.1.2 DNA Testing: Development and
Advantages

DNA profiling, as it is known today, evolved from two
key breakthroughs in molecular biology that occurred
around the same time. The first was in 1984 when Uni-
versity of Leicester geneticist Dr. Alec Jeffreys used
variable number of tandem repeats and restriction frag-
ment length polymorphism (RFLP) analysis of DNA to
demonstrate genetic linkages between related in-
dividuals. In 1985, Dr. Jeffreys developed a “genetic
profiling” method specifically for forensic use. The first
application of this novel tool was as part of the investi-
gation of the serial rape and murder of two young girls in
the Enderby and Narborough villages near Leicester-
shire, Great Britain. A suspect, Richard Buckland, was
arrested and confessed to the second murder. Genetic
profiling, however, revealed that the DNA fingerprint of
the semen from the two murdered girls did not match
Mr. Buckland, who was found not guilty. A subsequent
“DNA dragnet” was used in an effort to determine which,
if any, of 4582 local men might have been the source of
the semen from the two murdered girls. Although no
match was found, a local baker named Colin Pitchfork
was overheard boasting that he had gotten his friend to
provide a DNA sample in his placeda boast that was
pivotal to solving the crime (Gill et al., 1985; Jeffreys,
1985; Jeffreys et al., 1992; Wyman and White, 1980).

The second key breakthrough in molecular biology
occurred across the Atlantic Ocean, where in 1985 chemist
Dr. Kary Mullis developed the polymerase chain reaction
(PCR) while working at the Cetus Corporation, a biotech-
nology firm in Emeryville, California. This elegantly sim-
ple technique would revolutionize forensic DNA profiling
by making it possible to amplify specific regions of highly
polymorphic DNA. This not only provided forensic ana-
lysts with the sensitivity necessary to obtain useful DNA
profiles from challenging forensic samples, but it has also
served as the foundation for the multiple generations of
DNA-based typing methods used in forensic laboratories
today.

In this early era of DNA analysis, several methods for
RFLP analysis were employed, but all suffered from
limited sensitivity. Even after that hurdle was overcome
with the introduction of PCR-based assays, the availability
of only a handful of genetic markers for PCR analysis
meant that the power of discrimination was still inferior to
that of the earlier RFLP methods. The Human Genome
Project, which was formally launched in 1990, led to the
modern era of forensic DNA profiling. The sequence
generated from the Human Genome Project facilitated the
discovery of a broad variety of short tandem repeat (STR)
sequences. These highly polymorphic genetic markers were
easily amplified by PCR-based assays, which facilitated
population studies to assess their genetic variation. By the
mid-1990s, forensic DNA testing had effectively combined
a high degree of sensitivity afforded by PCR-based
methods; a higher power of discrimination than had pre-
viously been possible; and greater throughput by the
simultaneous amplification of multiple STR markers in a
single multiplexed reaction. Since then, the field has
experienced continual growth in the number of STR
markers and classes of markers used. These include auto-
somal STRs, Y chromosome STRs, single nucleotide
polymorphisms (SNPs), indels, and mitochondrial DNA
(mtDNA) hypervariable region sequencing. Fig. 21.1 pro-
vides a historical overview of identity testing methodolo-
gies and developments prior to and after the advent of DNA

TABLE 21.1 Protein Markers Used for Pre-DNA Analysis of Blood and Semen Stains

Erythrocyte Isoenzyme Protein Function Possible Phenotypes

Adenosine deaminase (ADA) Activates lymphocytes for immune response ADA-1; ADA-2; ADA-2-1

Adenylate kinase (AK) Provides energy state homeostasis AK-1; AK-2; AK-2-1

Erythrocyte acid phosphatase (ACP/EAP) Cleavage of phosphoryl groups during digestion Pa; Pb; Pc

Esterase D (ESD) Serine hydrolase ESD-1; ESD-2; ESD-2-1

Glyoxalase I (GLO) Detoxifies aldehyde-containing metabolic products GLO-1; GLO-2; GLO-2-1

Phosphoglucomutase (PGM) Metabolic enzyme in glycogenolysis and glycogenesis PGM-1; PGM-2; PGM-2-1
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profiling. Beyond this, forensic applications of next-
generation sequencing (NGS) technologies are already
emerging above the technology horizon. As has already
been seen in the clinical diagnostics realm, the adoption of
NGS assays has the potential to exponentially increase the
amount of information that can be obtained from eviden-
tiary samples. The wealth of sequence content provided by
NGS will not only facilitate an even greater power of
discrimination and the accurate resolution of complex DNA
mixtures but may also assist in routine forensic analyses
and provide investigative leads by providing useful infor-
mation on an individual’s kinship, ancestry, and even
phenotype.

21.2 GENETIC MARKERS COMMONLY
USED FOR FORENSIC ANALYSIS

The quantity and quality of DNA in biological samples are
critical factors in determining which DNA profiling
approach to take during forensic investigations. Evidentiary
material may contain DNA from just one individual or a
mixture of DNA from multiple individuals. Mixtures may
be from individuals of the same or different genders. The
potential presence and coextraction of PCR inhibitors pre-
sent in soil, blood, tobacco, the dyes in clothing, and a host
of other chemical agents are frequent concerns. Similarly,
the exposure of biological materials to weathering, micro-
bial action, ultraviolet radiation, or other environmental
insults may result in DNA that is partially to severely
degraded and thus refractory to amplification. Concern over
the potential impact of these factors often dictates the
choice of genetic markers that are employed by the forensic

analyst in an effort to obtain potentially probative infor-
mation from biological evidence. Depending on the type
and condition of the forensic sample to be used, analysts
can choose from a wide range of commercially available
DNA typing systems using different genetic markers.

21.2.1 Short Tandem Repeat Markers

Microsatellites are a class of genetic markers that have
proven to be particularly useful for forensic applications.
Encompassing simple sequence repeats, expanded simple
tandem repeats, and STRs, these markers consist of 2e9
base pair DNA motifs that are tandemly repeated, generally
between 5 and 50 times (Tumpenny and Ellard, 2005).
Microsatellites occur at thousands of locations throughout
both human and nonhuman genomes and are notable for
their relatively high mutation rates due to polymerase
slippage. As a result, these markers are highly polymorphic
such that the number of tandem repeat units varies widely
among individuals in nearly all populations. Due to their
small size and highly polymorphic nature, STRs have
become the primary genetic marker used to individualize
evidentiary material for forensic purposes.

Thousands of microsatellite loci have been character-
ized in the human genome (Collins et al., 2003; Edwards
et al., 1991; Ellegren, 2004; Subramanian et al., 2003). This
high abundance of STR loci provides a wide choice for
incorporation into commercial kits manufactured for use by
forensic laboratories. Analyzing amplified STRs entails
separating various size fragments, usually by capillary
electrophoresis, and detecting fluorescently labeled prod-
ucts (Fig. 21.2). Profiles generated from items of evidence

FIGURE 21.1 Historical overview of major 20th- and 21st-century advances in forensic identity testing. Prior to the advent of DNA profiling, forensic
testing of blood and semen stains focused on protein biomarkers. Since the initial development of DNA profiling, forensic testing has emphasized
the expansion of genetic marker systems and increased sample throughput. CE, capillary electrophoresis; CODIS, Combined DNA Index System; NGS,
next-generation sequencing; PCR, polymerase chain reaction; STR, short tandem repeat.
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can then be compared to reference samples, and an inter-
pretation of match, exclusion, or inconclusive can be made.
The most useful STR loci, and those used routinely in the
field, are those that exhibit sufficient variability among
individuals to facilitate an inferred association of an
evidentiary DNA profile to a specific individual of interest.
These STR loci are considered to have a high power of
discrimination, particularly when multiple STR loci are
combined. Typically, the optimal loci for human identifi-
cation purposes are those that exhibit the greatest variation
in tandem repeats within human population groups.

One significant limitation of using STRs as genetic
markers is that they suffer from varying amounts of a
phenomenon known as stutter (Walsh et al., 1996). Stutter
is an amplification artifact that is created during the PCR
process as a result of strand slippage. This causes the DNA
polymerase to either fail to copy one or more repeating
units or to copy the same repeating unit more than once.
The former results in an amplification product that is one or
more repeat units smaller in size than the true genomic
allele while the latter results in an amplification product that
is typically one repeat greater in size than the true genomic
allele (Walsh et al., 1996). With shorter core sequence
motif lengths (i.e., di- and trinucleotide repeats), the
amount of stutter amplicon produced relative to the amount
of the true allele produced (i.e., the stutter percentage) is so
great that it can complicate an accurate discrimination

between genomic alleles and stutter artifacts and thus the
subsequent interpretation of DNA profiling results. STRs,
with a core sequence motif length of four base pairs (i.e.,
tetranucleotide repeats), are associated with relatively low
stutter percentages and thus have become the most widely
used markers for human identification purposes (Edwards
et al., 1991; Zhong et al., 1999). Additionally, tetranu-
cleotide repeat loci allow for better resolution of alleles
during electrophoretic separation, which generally allows
for single base resolution among fragments that are under
500 base pairs in total length. Slightly larger penta- and
hexanucleotide repeats have also been evaluated for their
utility as genetic markers. While these markers have the
advantage of being associated with little, if any, stutter
artifacts, they are less common in the human genome, and
their amplification is less robust than the shorter STRs
(Bacher et al., 1999; Bacher and Schumm, 1998). As a
result, it is the tetranucleotide repeats that have been shown
to be best suited for forensic type samples where DNA
degradation due to environmental and/or chemical insult
often impedes the ability to efficiently amplify an inter-
pretable genetic profile from larger sized genetic markers.

Early on, the need for a standardized set of core STR
loci to facilitate the comparison of DNA profiles among
different laboratories was recognized by the forensic com-
munity. In 1997, the US Federal Bureau of Investigation
(FBI) Laboratory evaluated and selected 13 STR loci

FIGURE 21.2 Illustrative example of a portion of a DNA profile. Shown are the DNA peaks in the analyzed data that were detected for 2 of the 13 core
STR loci, D5S818 (homozygous) and D13S317 (heterozygous). Raw electrophoretic data were analyzed using GeneMapper� ID software, which labels
each peak that is consistent with human DNA with an allele number and a peak height measured in relative fluorescence units. In general, a signal is
readily discernible from instrument noise when it reaches twice the intensity of the highest instrument noise. RFU, relative fluorescence unit.
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(CSF1PO, FGA, TH01, TPOX, VWA, D3S1358, D5S818,
D7S820, D8S1179, D13S317, D16S539, D18S51, and
D21S11) as the core STR loci for forensic purposes. The
combination of these 13 loci provides for a high power of
discrimination with the random match probability (RMP) of
an average profile of less than one in a trillion unrelated
individuals. These 13 loci serve as the foundational points
of comparison for the databases of DNA profiles contrib-
uted by federal, state, and local participating forensic lab-
oratories that are linked to the Combined DNA Index
System (CODIS). CODIS is the FBI’s program of support
for criminal justice DNA databases as well as the software
that has been developed to manage these databases
(Budowle et al., 1998). Similar sets of core STR loci have
been selected by governmental entities for use outside of
the United States. These include the European Standard Set
(FGA, TH01, VWA, D1S1656, D2S441, D3S1358,
D8S1179, D10S1248, D12S391, D18S51, D21S11, and
D22S1045); the UK core loci (FGA, TH01, VWA,
D2S1338, D3S1358, D8S1179, D16S539, D18S51,
D19S433, D21S11); the German core loci (FGA, TH01,
SE33, VWA, D3S1358, D8S1179, D18S51, D21S11); and
the Interpol Standard Set (FGA, TH01, VWA, D3S1358,
D8S1179, D18S51, D21S11. In addition, the non-STR lo-
cus Amelogenin is typically coamplified with the core STR
loci as a sex-typing marker.

Multiple manufacturers now produce STR kits for US and
international markets that include these core STR loci (Zhong
et al., 1999). Originally, however, no single commercially
available multiplex was available to amplify all 13 of the
CODIS core STR loci. Thus two multiplex amplification re-
actions were required to generate a full DNA profile. The
Promega Corporation achieved this with the combination of
the PowerPlex� 1.1 and 2.1 kits while Applied Biosystems
used a combination of the AmpFlSTR� Profiler Plus and
COfiler kits. Since 2000, both of these companies have
manufactured expanded multiplex kits, such as the
AmpFlSTR� Identifiler� and PowerPlex�16, that allow for
the simultaneous amplification of all 13 CODIS core STR loci
along with two additional noncore STR loci and the sex-
typing marker Amelogenin in a single multiplex reaction
(Fig. 21.3). The improved amplification chemistries
(e.g., optimized buffer formulations, modifications to PCR
primers, and alternate polymerases) associated with these
newer kits increased PCR performance, which facilitated the
successful amplification of complete profiles from more
challenging types of forensic samples, particularly those
containing inhibitory compounds such as heme, humic acid,
and tannic acid (Ensenberger et al., 2010). Based on extensive
validation studies, the AmpFlSTR� Identifiler� and Power-
Plex�16 kits were also shown to be at least twice as sensitive
as the earlier generation AmpFlSTR� Profiler Plus and
COfiler kits. Accordingly, these newer kits reproducibly
yielded complete and interpretable DNA profiles with more

challenging types of forensic samples, even those containing
as little as 125 pg of human genomic DNA (equivalent to
approximately 20 human somatic cells). Partial profiles were
often generated from trace samples containing as little as
31 pg of DNA (equivalent to approximately five human cells).

In addition to the greater sensitivity offered by such
“newer generation” kits, the analysis of low-template
and challenging DNA samples has also benefited from
the development of reduced-size STR kits such as the
AmpFlSTR� MiniFiler kit. In cases where the quantity
of DNA is severely limited (generally less than 100 pg)
or the integrity of the DNA is substantially compromised
(highly degraded), standard STR testing often produces
DNA profiles characterized by allele and locus dropout
at the larger STR loci, resulting in the detection of only a
partial DNA profile. Partial DNA profiles are typically
more difficult to interpret and generally do not provide
the power of discrimination necessary to include or
exclude potential contributor(s) with a high degree of
confidence. The use of mini-STR amplicons makes it
possible to overcome these challenges in many cases.
Mini-STR kits employ primer pairs that preferentially
target the larger STR loci with annealing sites that
encompass less of the flanking sequence adjacent to the
repetitive element, resulting in a smaller PCR product.
The smaller size of the STRs favors efficient DNA
amplification, resulting in improved detection sensitivity
relative to that of standard STR kits. Overall, mini-STR
kits allow for a more successful analysis of compromised
and degraded samples.

In 2010, the FBI Laboratory began to investigate the
utility of expanding the 13 core STR loci to include addi-
tional STR markers (Ge et al., 2012). Seven additional STR
loci (D1S1656, D2S441, D2S1338, D10S1248, D12S391,
D19S433, and D22S1045) were ultimately selected for the
expansion. These additional genetic markers are to be in-
tegrated into the CODIS database by 2017. The purpose of
this expansion in the number of core STR loci used for
forensic DNA profiling is 2-fold. First, it will increase in-
ternational concordance, thereby making it possible to
better compare evidentiary and reference samples generated
in different countries around the world. Second, it will in-
crease the power of discrimination that can be attained
when comparing profiles. This will reduce the possibility of
an adventitious match, which is a concern that has been
raised as national forensic databases, consisting of millions
to tens of millions of DNA profiles, have grown. These
seven additional STR loci have been incorporated into both
the AmpFlSTR� GlobalFiler� kit from Thermo Fisher
Scientific as well as the PowerPlex� Fusion kit from the
Promega Corporation. These kits also enable the genotyp-
ing of additional genetic markers beyond those making up
the expanded core STR loci. The AmpFlSTR� Global-
Filer� kit added SE33 and a Y indel locus while the
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PowerPlex� Fusion kit added Penta D and Penta E. Both
kits also include Amelogenin for gender determination and
the Y chromosome STR locus DYS391 to facilitate linkage
to Y chromosome haplotypes.

21.2.2 Y Chromosome Markers

Even with their enhanced sensitivity and ability to overcome
inhibitors present in a sample, modern STR kits such as the
AmpFlSTR� GlobalFiler� and PowerPlex� Fusion kits (like
their forerunners) do not have the ability to selectively amplify
and obtain an interpretable male DNA profile from intimate
samples such as oral, vaginal, and rectal smears and/or swabs
or any other evidentiary items where an excess of female
DNA relative to male DNA would typically make it difficult
to impossible to detect the male contributor. This is because
when standard (i.e., autosomal) STR kits are used for human

DNA profiling, the amplification and detection of a male
DNA profile can be easily masked in a mixture by the pres-
ence of more than a 10- to 20-fold excess of female DNA. It is
for these types of samples that kits restricted to Y chromo-
some markers are useful.

The Y chromosome is the smallest of the human
chromosomes, encompassing only about 60 million base
pairs of sequence. Y chromosome DNA, as with standard
STR markers, resides in the nucleus; however, there are
some notable differences between markers that reside on
the Y chromosome with respect to autosomal STR loci
(Gill et al., 2001). First and foremost, the Y chromosome is
inherited paternally, and nearly all of the DNA in the
Y chromosome is nonrecombinant, except for the most
distal portions of the Y chromosome (Skaletsky et al.,
2003). Therefore profiles generated from Y chromosome
markers are passed from one generation to the next as a

FIGURE 21.3 Illustration of a full DNA profile generated using the PowerPlex� 16 kit, which allows for multiplexed coamplification and three-color
detection of 16 loci (13 core short tandem repeat loci, 2 pentanucelotide repeats, and Amelogenin). Amplified genetic markers in the blue channel are
labeled with fluorescein; in the green channel with 6-carboxy-40,50-dichloro-20,70-dimethoxy-fluorescein; and in the black channel with carboxy-
tetramethylrhodamine. The internal lane standard used to size the amplified genetic markers is labeled with carboxy-X-rhodamine, which is detected
as a fourth color channel (red dark gray in print versions). CXR, carboxy-X-rhodamine; FL, fluorescein; JOE, 6-carboxy-40,50-dichloro-20,70-dimethoxy-
fluorescein; TMR, carboxy-tetramethylrhodamine.
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stable haplotype. As a result, a Y haplotype is typically
identical (apart from instances of relatively rare meiotic
mutation) among all of the male relatives of a given
paternal family lineage. This fact makes Y chromosome
markers useful in human identity and paternity cases but
greatly decreases the power of discrimination that is
attainable relative to autosomal STR loci.

Y chromosome genetic markers include both biallelic
SNPs (Y-SNPs) and an Alu element variant as well as over
200 characterized multiallelic STR (Y-STR) markers. In
1997, the International Y-STR User Group recommended
the use of nine Y-STR loci (DYS19, DYS385a, DYS385b,
DYS3891, DYS38911, DYS390, DYS391, DYS392, and
DYS393) as the European minimal haplotype core set of
Y-STR loci (Kayser, 2003; Schneider et al., 1998). In 2003,
the Scientific Working Group on DNA Analysis Methods
(SWGDAM) recommended the inclusion of two additional
loci (DYS438 and DYS439) as core Y-STR loci for
forensic applications in the United States (Ayub et al.,
2000). Commercial amplification kits that could type all 11
markers included the PowerPlex� Y System kit from the
Promega Corporation and the AmpFlSTR� Yfiler� kit from
Applied Biosystems. Newer generations of commercially
available Y-STR kits, including the PowerPlex� Y23 and
AmpFlSTR� Yfiler Plus kits, have since been developed,
which have multiplexed the amplification of 23 and 27
Y-STR loci, respectively. These kits combined the loci
previously used with new loci that offer higher allelic di-
versities, allowing for improved distinction among unre-
lated male individuals (i.e., a higher power of
discrimination) that shared some of the more common
haplotypes seen in the general population. Rapidly
mutating Y-STR loci were also incorporated to facilitate
discrimination between paternally related individuals.

In spite of its limitations with respect to the achievable
power of discrimination, there are a number of significant
advantages that male-specific approaches to DNA profiling
offer in the context of forensic testing. These include allowing
a forensic analyst to more readily detect the presence of
potentially probative male DNA in samples previously
thought to contain only female profiles. This is particularly
relevant in any challenging cases (especially sexual assaults)
where some items of evidence are likely to consist of DNA
mixtures containing more than a 10- to 20-fold excess of fe-
male DNA. Additionally, paternal transmission of Y haplo-
types allows for the tracking of family lineage, which can be
applied to paternity testing, missing persons investigations,
human migration and evolution studies, and historical and
genealogical research (Butler, 2005).

21.2.3 Mitochondrial DNA Markers

Typically, polymorphic nuclear DNA testing (i.e., either
autosomal or Y-STR) is used for comparative purposes in

forensic investigations. This approach, however, often fails
with items like aged bones and teeth or shed/broken hair
shafts with little or no root tissue. This is due to the limited
amounts or extensive degradation of high molecular weight
nuclear DNA that characterizes these types of samples.
When faced with such challenging samples, forensic ana-
lysts can turn to mtDNA analysis in an effort to obtain
potentially useful genetic information.

The mtDNA genome consists of 16.5 kilobases. The
two strands of the mtDNA genome (termed heavy and
light) differ considerably in their base compositions. The
heavy strand is rich in guanine, and the light strand is
rich in cytosine. The mitochondrial genome contains
very little noncoding sequence (7%) in contrast to the
nuclear genome where approximately 97% is not
expressed. The 37 genes (22 mitochondrial tRNAs, 2
mitochondrial rRNAs, and 13 mitochondrial respiratory
complex subunits) account for approximately 93% of the
mtDNA sequence. These genes lack introns, are nearly
contiguous with each other, and even overlap in some
cases. With the exception of the one or two noncoding
bases that often exist between neighboring genes, the
only significant region of the mitochondrial genome free
of coding sequence is the displacement loop region, also
known as the D-loop. A duplicated stretch of the heavy
strand exists as an independent fragment (7S DNA). This
fragment binds to the D-loop, where it participates in the
formation of a triple helical DNA structure known as the
“control region,” which contains the origin of replication
for the heavy strand and the predominant transcriptional
promoters (Greenberg et al., 1983).

Several characteristics of the mitochondrial genome
make it an attractive target for forensic analysis. First, the
subcellular sequestration of the mtDNA within the mito-
chondrion and its circular nature contribute to its stability.
Second, there can be four to five copies of the mtDNA
genome residing in the cytoplasm of each mitochondria
(Satoh and Kuroiwa, 1991) and hundreds of mitochondria
per cell, depending on the cell type. In many tissues this
results in a high mtDNA copy number per cell (i.e., hun-
dreds to thousands of copies of the mtDNA genome per
cell) as opposed to just one copy of the diploid nuclear
genome (Bogenhagen and Clayton, 1974). This feature
facilitates the successful analysis of highly degraded and/or
very limited amounts of starting material (Allen et al.,
1998; Robin and Wong, 1988). Third, the mitochondrial
genome is maternally inherited by both males and females,
and thus an individual’s mtDNA haplotype is a direct
reflection of the up to 100,000 copies of the mitochondrial
genome present in the oocyte at fertilization. This makes
the mtDNA haplotype the female lineage equivalent of the
Y-STR haplotype. The maternal transmission of mtDNA-
haplotypes allows for the tracking of family lineage,
which can be applied to parentage testing, missing persons
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investigations, human migration and evolution studies, and
historical and genealogical research.

In contrast to the majority of forensic DNA profiling
methods that rely on the identification of length variants
at STR loci in nuclear DNA, mtDNA profiling relies on
the direct examination of DNA sequence variants relative
to the Revised Cambridge Reference Sequence (Andrews
et al., 1999). Portions of the D-loop region designated as
hypervariable region 1 (HV-1) and hypervariable region
2 (HV-2) are of particular forensic utility because of the
high degree of sequence variants they exhibit within
human populations. Accordingly, the direct sequencing
of mtDNA has been used to identify skeletal remains
from the Vietnam War (Holland et al., 1993); to deter-
mine that bone material from a grave in Yekaterinburg,
Russia likely originated from members of the imperial
Romanov family (Gill et al., 1994; Ivanov et al., 1996);
to identify shed head hairs and saliva from robbery caps
(Allen et al., 1998); and to identify the skeletal remains
of murder victims (Hagelberg et al., 1991).

Just as with Y-STRs, mtDNA does not undergo
recombination. Thus genetic diversity is generated through
mutation. By some estimates, mutations arise and are fixed
in the mitochondrial genome at a rate approaching 10 times
that of equivalent sequences in nuclear genomes. A number
of factors have been proposed to account for this sequence
instability, including an inefficient system for DNA repair,
oxidative damage, and the greater number of replicative
cycles that mtDNA undergoes relative to nuclear DNA
during cell growth and development.

The preponderance of the evidence examined to date
suggests that in most individuals, in spite of an accelerated
mutation rate, the majority of mtDNA molecules within any
individual at maturity will still be represented by a single
sequence (i.e., homoplasmy). Occasionally, a de novo
mutation may arise and proliferate within the mtDNA
population, resulting in the existence of two distinct
mtDNA haplotypes within a single individual (i.e., heter-
oplasmy). This can increase the power of discrimination of
forensic mtDNA analysis by providing an additional char-
acter state for inclusion in the mtDNA haplotype. This was
the case for the forensic analyses of mtDNA that was used
to help identify the remains of Tsar Nicholas Romanov II,
exhumed in 1991 from Yekaterinburg, Russia (Ivanov
et al., 1996). Sequencing mtDNA from bone fragments
suspected of being those of the Tsar revealed a hetero-
plasmic mixture of mtDNAs at position 16,169 in HV-1,
where C and T accounted for about 70% and 30% of the
mixture, respectively. Sequencing of mtDNA from the
exhumed remains of the Tsar’s brother (Grand Duke
George Alexandrovich Romanov) revealed a similarly rare
heteroplasmic mixture of C and T at position 16,169. When
combined with sequence identity throughout the remainder
of the D-loop mtDNA sequence, the inclusion of a shared

heteroplasmy significantly strengthens the weight of the
mtDNA match.

Aside from forensic applications, mtDNA genetics is
extensively studied and applied to other fields, especially
medical diagnostics. There have been significant advances
made in understanding mtDNA mutations and their link to
inherited diseases as well as in identifying acquired mtDNA
mutations in aging and cancer (Taylor and Turnbull, 2005).

21.2.4 Single Nucleotide Polymorphism
Markers

The newest genetic markers to be adopted by the forensic
community are SNPs. These single nucleotide variants,
usually biallelic in nature, can occur at any point in the
genome. Originally arising via a spontaneous point muta-
tion, some SNP loci have become fixed in certain pop-
ulations due to evolutionary forces and genetic drift. The
overall abundance of SNPs in the human genome, esti-
mated to be millions, makes them a marker of forensic
interest. Additionally, SNPs are typically detected as part of
small amplicons that are typically only 45e55 base pairs in
length (approximately the size of two PCR primers). This
makes them ideal markers for degraded DNA samples.
Aside from their utility in identity testing, SNPs can also be
used to provide lineage information, identifying relatives
based on their location in the mtDNA genome or the
Y chromosome; ancestry information, indicating the global
biogeographic origin of an individual; and phenotype in-
formation, such as skin, hair, and eye color for the gener-
ation of investigative leads.

Two research groups leading the field early on in SNP
characterization for identity testing were Dr. Kenneth
Kidd’s research group at Yale University and the SNPforID
Consortium in Europe (Karafet et al., 2008; Pakstis et al.,
2010; Phillips et al., 2007). Research from both groups was
focused on identifying SNP markers with high heterozy-
gosity to maximize the amount of information garnered
from each SNP and a low fixation index to reduce chance
differences between populations. Given their biallelic na-
ture, however, individual SNPs have a relatively low power
of discrimination compared to existing STR markers.
Therefore in order to attain equivalent RMPs and to be
useful for the individualization of a forensic DNA profile, a
larger number of SNP loci must be multiplexed and accu-
rately called. Depending on the specific panels of SNPs
employed, approximately 25e42 SNP loci must be queried
to achieve a statistical power of discrimination approaching
that of the 13 core STR loci. In the past, this represented a
significant technical obstacle to the adoption of SNPs by
forensic labs. Advances in NGS technologies have done
much to overcome this obstacle. Commercial products have
since incorporated the most informative SNP loci identified
by the Kidd research group and the SNPforID Consortium.
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These include the HID-Ion AmpliSeq Identity Panel by
Thermo Fisher, which incorporates 124 autosomal markers,
and the ForenSeq DNA Signature Prep Kit by Illumina,
which, among other markers, targets 95 identity SNPs.

Genetically linked autosomal SNPs are inherited as a
haplotype since linkage impedes recombination. Addition-
ally, haplotype SNPs can be found on the Y chromosome
and mtDNA genome as well as the X chromosome. As
previously discussed with regard to Y chromosome and
mtDNA haplotypes, and given the low mutation rates of
SNP markers, SNPs can be useful for aiding multiple types
of forensic cases involving kinship analysis. These low
mutation rates are also what allow SNPs to become fixed in
populations, which allows them to be used as indicators of
ancestry and ethnicity.

Historically, DNA generated from an item of evidence
was not useful without a known reference sample from a
suspect for comparison. When that sample did not match
any profiles in a DNA database, little more could be done
with it. Current research, however, has identified pheno-
typic SNPs that can be used to generate investigative leads
from the evidentiary material itself. SNPs correlating to
genes for skin, hair, and eye color have been evaluated and
can be used to develop beneficial information regarding the
physical appearance of a victim or suspect in a case.

In diagnostic and clinical medical research, SNPs have
also been identified that directly relate to human health
status. For example, an individual’s response to certain
drugs can be determined by SNPs involved with cyto-
chrome p450s. SNPs can also be used to determine an in-
dividual’s risk of developing a particular disease or his or
her susceptibility to toxins as well as tracking disease
inheritance.

21.3 DNA EXTRACTIONMETHODOLOGIES

Direct PCR kits have allowed for DNA profiling directly
from a buccal swab or bloodstain without the need for
separate DNA extraction or quantitation steps. Such direct
approaches are well suited to nonchallenging samples
where biological material is abundant and pristine. This
would include reference samples and database samples. For
the majority of forensic casework-type samples, however, it
is prudent and often necessary to separate the DNA from
other cellular material and inhibitory compounds that may
be present in the sample that could interfere with the
downstream analysis of DNA. Given the multitude of
sample types and matrices received for forensic testing,
there are a number of options for DNA extraction. A suf-
ficient quantity, quality, and purity of DNA for successful
testing is the ultimate goal of any extraction technique.
Additional considerations when selecting an extraction
method include throughput and cost-effectiveness. In gen-
eral, however, most extraction protocols involve the

enzymatic digestion of tissue, cells, and subcellular or-
ganelles, the disassociation of DNA from nuclear proteins,
and the removal of these nonnucleic acid components from
the sample.

21.3.1 Organic (PhenoleChloroform)
Extraction

Organic (phenolechloroform) extraction uses sodium
dodecylsulfate (SDS) and proteinase K for the enzymatic
digestion of proteins and nonnucleic acid cellular compo-
nents (Fig. 21.4). A mixture of phenol:chloroform:isoamyl
alcohol (25:24:1) is then added to promote the partitioning
of lipids and cellular debris into the organic phase, leaving
isolated DNA in the aqueous phase. Following centrifu-
gation, the aqueous phase containing the purified DNA can
be transferred to a clean tube for analysis. DNA can also be
recovered and concentrated from the aqueous phase by
ethanol precipitation or through the use of a centrifugal
filter unit (i.e., Vivacon� or Amicon� devices), which al-
lows for additional purification and concentration of the
DNA in the samples (Koons et al., 1994). Organic extrac-
tion recovers double-stranded DNA and was required for
early RFLP methods. While this method remains one of the
most reliable and efficient, it is also very time-consuming,
uses hazardous chemicals, and, because of the greater
hands-on effort and multiple tube transfers involved, in-
troduces increased opportunities for contamination and
sample mishandling (Köchl et al., 2005).

21.3.2 Chelation Extraction

Extractions based on the use of chelating ion exchange
resins were introduced to forensic laboratories in the early
1990s. Among the most popular of these resins was
Chelex� from Bio Rad (Fig. 21.4). Consisting of a styrene
divinylbenzene copolymer containing paired iminodiace-
tate ions, the resin is added directly to a sample where it
acts to bind polyvalent metal ions such as magnesium
(critical cofactors for the functionality of endogenous
nuclease enzymes). Heat is applied to lyse the cells,
releasing DNA, while the chelating ion exchange resin
protects the DNA from degradation. Chelex� resin and
cellular debris are then removed via centrifugation (Walsh
et al., 1991). Chelation-based extractions are fast, can be
easily automated, and require minimal sample transfer,
which decreases the opportunity for contamination or other
sample mishandling. A key disadvantage associated with
the use of chelation extraction for the isolation of DNA is
that the method provides no mechanism for the removal of
inhibitory compounds (e.g., hematin and immunoglobulin
gamma in whole blood or humic acid in soil-contaminated
samples).
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FIGURE 21.4 Illustration comparing three major methods of DNA extraction. Top: Organic extraction using phenol:chloroform:isoamyl alcohol
partitions DNA to the aqueous phase while lipids and proteins are partitioned to the organic phase or the aqueouseorganic interface. Organic extraction
yields high-purity DNA. Middle: Extraction by chelating resin (e.g., Chelex�) releases DNA by boiling and inactivates degradative enzymes by chelating
essential divalent cations such as Mg2þ. Chelex� extraction yields a lower purity DNA and does not remove polymerase chain reaction inhibitors. Bottom:
Solid phase extraction selectively binds DNA to a solid support such as silica in the presence of high salt solutions. By coupling silica to paramagnetic
particles, magnets can be used to immobilize DNA while washing away other cellular components. Solid phase extraction yields high-purity DNA and is
readily implemented on automated platforms. PCIA, phenol:chloroform:isoamyl alcohol; SDS, sodium dodecylsulfate.
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21.3.3 Solid Phase Extraction

More readily automatable extraction techniques involve
solid phase extraction methods (Fig. 21.4). These tech-
niques selectively bind DNA to a solid surface, such as
silica in the presence of high concentrations of salts. The
bound nucleic acids and associated substrates are then
separated from the remaining cellular debris through the
use of magnets or centrifugation. Purified DNA is then
readily eluted from the solid surface by the immersion of
low ionic strength or pH-adjusted buffers, allowing for
nucleic acid recovery and concentration. Products such
as QIAamp� spin columns from Qiagen selectively bind
DNA to silica in the presence of chaotropic salts and
elute DNA under alkaline conditions (Scarpetta et al.,
1998). The DNA IQ kit from the Promega Corporation
also uses a silica-based paramagnetic binding resin that
allows for the use of magnets to isolate the silica-bound
DNA on the side of a sample tube. This eliminates the
need for tube transfers during the wash steps (Krnajski
et al., 2007). The PrepFiler system by Thermo Fisher
Scientific also uses a paramagnetic resin, but rather than
silica, it employs a coating of a dextran derivative,
which binds DNA in the presence of alcohol
(Brevnov et al., 2009).

21.3.4 Differential Extraction

Differential extraction is a modified extraction technique
allowing for the selective lysis and isolation of DNA from a
mixture of sperm and epithelial cells (Fig. 21.5). Forensic
samples, such as those from sexual assault kits, may
contain male sperm cells mixed with male and female
epithelial cells. Generally, it is the male sperm cells that are
of greatest forensic value. Differential extraction techniques
allow for the selective physical isolation of the male frac-
tion prior to DNA profiling (Yoshida et al., 1995). During
differential extraction, the epithelial cells are first selec-
tively lysed through the addition of SDS and proteinase K.
Sperm cells are generally resistant to lysis by these chem-
icals. Once the epithelial cells have been lysed, centrifu-
gation is used to selectively pellet any intact sperm cells.
The supernatant-containing DNA from male and female
epithelial cells can then be removed to a separate tube. The
isolated sperm cells are then lysed by the addition of SDS,
proteinase K, and dithiothreitol (DTT). DTT reduces the
disulfide bonds present in the sperm nuclear membranes,
releasing sperm cell DNA. The DNA in the separate
epithelial cell fraction and the sperm cell fraction can then
be isolated by organic or nonorganic methods. This
extraction method can simplify the interpretation of DNA

FIGURE 21.5 Illustration of the differential extraction workflow, which allows analysts to partition epithelial cell DNA from sperm cell DNA. This
method of DNA extraction takes advantage of the protein disulfide bonds in the outer membrane of spermatozoa, which render them more resistant to lysis
than epithelial cells. Commonly employed for the processing of sexual assault evidence, epithelial cells are first lysed, leaving intact spermatozoa, which
are readily pelleted by centrifugation. The removal of the epithelial cell lysate to a separate tube leaves behind a pellet that is enriched for spermatozoa.
The subsequent denaturation of protein disulfide bonds by dithiothreitol facilitates the lysis of the sperm cells for DNA extraction. DTT, dithiothreitol;
SDS, sodium dodecylsulfate.
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profiling results by increasing the likelihood of obtaining a
clear male DNA profile from the sperm fraction. Since the
epithelial fraction contains both male and female DNA, this
may still present as a DNA mixture. It should be empha-
sized that this is a pre-PCR approach that physically iso-
lates male cells for autosomal STR analysis, which offers a
superior power of discrimination. This is in contrast to the
use of Y-STRs, which simply use male targeted genetic
markers to selectively amplify male DNA in the presence of
excess female DNA.

21.4 DNA QUANTITATION

After the DNA in a biological sample has been isolated, the
quantity and quality must be assessed so as to facilitate
successful DNA profiling. This not only represents prudent
laboratory practice, but also Standard 9.4 of the FBI’s
Quality Assurance Standards for Forensic DNA Testing
Laboratories mandate a human-specific quantitation step
for forensic samples (FBI, 2008). PCR-based assays, such
as the multiplex STR assays described in Section 21.2,
work optimally within a relatively narrow range of DNA
input quantities. For most commercial STR kits, this is
usually around 0.5e1.0 ng of input human DNA. If too
much DNA is added for amplification, the resulting elec-
tropherograms often include off-scale allelic peaks (i.e.,
fluorescent signals from amplified alleles that exceed the
dynamic range of the detector). Off-scale peaks are char-
acterized by the presence of a split peak, with the depth of
the split being correlated with the amount of detector
saturation. While minor saturation may not have a sub-
stantial quantifiable impact on profile interpretation
(e.g., stutter ratios), excessive saturation results in deep
splits in the allelic peak, which can complicate the accurate
quantitative interpretation of a DNA profile (Fig. 21.6). If
too little DNA is added for amplification, there is a corre-
sponding decrease in the average peak height of detected
alleles. As DNA input quantities approach the sensitivity
limits of the DNA profiling kits used, complete/full profiles
give way to incomplete/partial profiles along with an in-
crease in stochastic amplification phenomena such as allele
dropout and heterozygote imbalance.

Commercial real-time quantification kits can accurately
and precisely determine the amount of male and female
DNA present in a sample as well as indicate whether or not
a sample contains inhibitors or degraded DNA that could
reduce the amplification efficiency or even completely
block the ability to obtain an interpretable DNA profile.
Thus data from DNA quantitation assays not only facili-
tates the use of optimal DNA input quantities, but it can
also serve as a quality control step to guide analysts in
choosing the most appropriate DNA profiling strategy,
including the choice of genetic markers for DNA profiling

and/or the need for additional preamplification purification/
concentration.

21.4.1 Real-Time Quantitative Polymerase
Chain Reaction

The most common approach for DNA quantitation
employed by forensic laboratories is real-time PCR (qPCR)
using a fluorogenic 50 nuclease or TaqMan� assay. A
TaqMan� probe is designed to be complementary to a
specific DNA region of interest located between the for-
ward and reverse PCR primers. The probe is labeled with a
high-energy “reporter” dye on the 5ʹ end and a low-energy
“quencher” dye on the 3ʹ end. When the probe is intact, the
two dyes are in close proximity to each other, and efficient
fluorescence resonance energy transfer occurs between
them, quenching any fluorescence. During PCR elongation,
the 50 exonuclease activity of Taq DNA polymerase
cleaves the TaqMan� probe, releasing the reporter dye,
allowing fluorescence to be detected. Fluorescence in-
tensity is measured and is proportional to the amount of
target DNA synthesized during each PCR cycle. By
quantifying the cycle-to-cycle change in fluorescence over
multiple PCR cycles, it is possible to determine the con-
centration of DNA in the sample. The more DNA present
in the original sample, the sooner a detectable level of
fluorescence is achieved. This is measured in terms of PCR
cycles. The cycle threshold (CT) is the number of PCR
cycles required to reach a predefined threshold of fluores-
cence. For absolute DNA quantitation, the log of the DNA
quantities for a dilution series of a DNA standard of known
concentration is plotted against the resulting CT values for
each dilution. This produces a linear standard curve, which
can then be used to determine the amount of DNA in a
forensic sample.

21.4.2 Commercial Quantitative
Polymerase Chain Reaction Kits

Multiplexing the qPCR assay is possible by the use of
different TaqMan� probes for multiple targets of interest,
with each probe being labeledwith a different reporter dye. In
a basic qPCR kit for measuring total human DNA only, there
are typically two TaqMan� probes. One is targeted to a
human-specific gene for quantification purposes, and the
other is targeted to a synthetic oligonucleotide sequence,
which is present in the reactionmix at a known concentration.
This synthetic oligonucleotide, for which the CT value is
known a priori, serves as an internal positive control (IPC).
Deviation from the expected CT value for the IPC (i.e., an
increase in the CT value) indicates the presence of PCR in-
hibitors in a sample. This can provide guidance to a forensic
analyst by identifying samples for which additional
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purification steps are warranted prior to amplification.
Multiple qPCR kits are commercially available for the
simultaneous quantitation of total human as well as male-
specific DNA. The Quantifiler� Duo kit by Thermo Fisher
Scientific (Barbisin et al., 2009), the Investigator Quantiplex
HYres Kit by Qiagen (Frégeau and Laurin, 2015), and the
Plexor� HY kit by Promega (Bulander and Rolf, 2009), for
example, target a human-specific gene as well as a male-
specific Y chromosome marker. This makes it possible to
accurately quantify the amount of total human DNA and the
amount of male DNA in a sample. This information is critical
for choosing between subsequent DNA profiling using
commercial kits based on autosomal STR versus Y-STR
genetic markers. Autosomal STRs are best suited to sam-
ples with less than a 10- to 20-fold excess of female DNA
compared tomaleDNA,whileY-STRmarkers can be used to
detect a clear male DNA profile even in the presence of a
1000-fold excess of female DNA compared to male DNA. In

the absence of information on the relative quantities of total
human and male-specific DNA, a standard reliance on
autosomal STR kits may fail to reveal the presence of a
potentially probative male DNA profile (Horsman et al.,
2006). The newest generation of qPCR kits, exemplified by
the Quantifiler�Trio kit from Thermo Fisher Scientific, have
incorporated both large autosomal and small autosomal
amplification targets. This not only provides for some
redundancy in DNA quantity estimates, but it also provides
for a qualitative assessment of DNA integrity. The degra-
dation of DNA will tend to preferentially impact larger
amplicons over smaller amplicons. The ratio of the DNA
quantity determined for the small versus large autosomal
target, therefore, serves as a DNA degradation index. This is
a general indicator of whether large DNA fragments may
perform more poorly relative to small DNA fragments in
subsequent STR reactions, and as such it helps to further
inform workflow decisions (Vernarecci et al., 2015).

FIGURE 21.6 Relationship between signal saturation, off-scale peak morphology, and quantitative aspects of profile interpretation (e.g., ratio of stutter
peak to allelic peak). As signal saturation increases, the allelic peak develops a split morphology. The greater the saturation, the deeper/more pronounced
the mid-peak split. Left: At low levels of signal saturation, there is not a discernable quantitative impact on the expected ratio of the stutter peak to the
allelic peak. Middle and Right: With greater signal saturation, the apparent height of the allelic peak decreases, resulting in stutter peaks that exceed the
expected ratio of the stutter peak to the allelic peak resulting in a “false allele” being detected.
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21.5 CAPILLARY ELECTROPHORESIS AND
DATA INTERPRETATION

After amplification, various size fragments of DNA must be
separated for analysis. As DNA molecules are negatively
charged due to the phosphate groups on the nucleotides,
they will migrate in an electric field, enabling electropho-
resis to be used for separation. Capillary electrophoresis
(CE) remains the most commonly used method for sepa-
rating and detecting DNA for forensic purposes (Fig. 21.7).
A hollow silica capillary spans two electrodes connected to
a power supply. Buffer vials reside at each end of the
capillary, which is filled with a linear polymer solution.
Amplicons are treated with formamide, denaturing the
DNA and allowing for a better resolution. Electrokinetic
injection of amplicons directly onto the capillary occurs
based on the negative charge of the DNA molecules. As the
DNA migrates through the capillary toward the anode, it
passes through the polymer sieving medium, allowing for
the separation of DNA molecules based on size. Fluores-
cent dyes covalently bound to the 50 end of one primer for
each primer set per locus were incorporated into amplified
product during PCR. Multiple color dyes are used for
multiplexed reactions to allow for the analysis of loci with
overlapping size ranges. As the migrating DNA fragments
move through the capillary, they pass a clear detection
window where a laser is used to excite the dye labels on the
DNA fragments. Fluorescence is detected and measured,
producing an eletropherogram. An internal size standard, or
a constant set of known size fragments of DNA, is added to
each sample to facilitate allele designation and the

comparison of results between runs. Additionally, an allelic
ladder that contains the most common alleles in the general
population for each locus is used for accurate genotype
determination (Butler et al., 2004).

21.5.1 Interpretation of Results

The interpretation of DNA profiling data is a matter of
professional training and scientific expertise, firmly
grounded in rigorous validation studies, peer-reviewed re-
ports from the professional literature, and the fundamental
principles of science. Accurate interpretations require the
ability to discern an amplicon signal from instrument noise,
to discriminate between signal artifacts and true contributor
alleles, and to account for stochastic amplification effects
(e.g., allele dropout and heterozygote imbalance)
(Fig. 21.8). During PCR and CE, a number of artifacts may
be created and detected that can interfere with the inter-
pretation of resulting electropherograms. As previously
mentioned, stutter artifacts can arise from strand slippage
during PCR, resulting in artifact peaks one or more repeat
units less than the true allele (Hauge and Litt, 1993). Stutter
can also produce artifact peaks that are one repeat unit
larger than the true allele although these are more rarely
observed. The presence of stutter products can complicate
DNA profile interpretation, especially in mixtures where
stutter peaks may be indistinguishable from peaks attrib-
uted to a minor contributor. However, stutter formation
follows reproducible percentages for each of the core STR
loci used. In general, stutter percentages increase with the
largest alleles within a locus. Overall, however, most stutter

FIGURE 21.7 Schematic of the capillary electrophoretic separation and detection process for short tandem repeat (STR) alleles. Fluorescently labeled
STR amplicons are size-fractionated in a capillary containing linear polyacrylamide as a sieving matrix. As alleles pass a clear detection window near the
end of the capillary, a laser is used to induce florescence of the labeled amplicons. The fluorescent signal is separated by a dispersive prism spectrograph
and quantified by a charge coupled device camera or photomultiplier tube. Signal processing software then produces an electropherogram to graphically
represent the signal intensity data for interpretation by the analyst. CCD, charge coupled device; PMT, photomultiplier tube.

384 Molecular Diagnostics



FIGURE 21.8 Illustrative example of the impact of stochastic amplification at low DNA input quantities on heterozygote allele detection accuracy.
(A) An optimal DNA input typically allows for the accurate detection of both expected alleles in a DNA profile characterized by a good signal strength and
peak height balance. (B) As the input DNA quantity becomes limiting, the signal strength decreases, and a greater variation in the peak height balance is
observed. (C) At low DNA input quantities, stochastic amplification may result in a failure to detect an expected allele (i.e., allele dropout). This loss of
genetic data increases the potential for erroneous DNA profile interpretations.
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products have a peak height that is 15% or less of the height
of the associated parent/source allele. Another artifact is an
incomplete terminal nucleotide addition, which is charac-
terized by the presence of an artifactual peak one base pair
shorter than the expected allele. This results when the DNA
polymerase fails to add an extra nucleotide (usually an
adenine) to the 30 end of a PCR product. This may be
caused by the presence of excessive amounts of template
DNA in the PCR reaction and/or suboptimal PCR condi-
tions, especially too short of a final extension period during
PCR. Commercial STR amplification kits recommend PCR
conditions that favor the complete adenylation of all
products. The presence of too much template DNA can also
overwhelm the spectral calibration file thereby creating
pull-up artifacts in a sample (Frank et al., 2001). This is
when one color dye on the electropherogram is pulled up
from a true allelic peak in another color due to overlapping
spectra. This produces an artifact with the shape of an
allelic peak. Voltage spikes and urea crystals in the capil-
lary can also lead to nonreproducible artifacts known as
spikes in an electropherogram (Butler, 2005). These appear
as sharp peaks in all colors of the electropherogram with
consistent peak heights. The predefined criteria for each of
these artifacts based on observations from validation
studies helps to eliminate them from profiles, leading to
accurate genotypic interpretation.

Forensic laboratories employ quality-assurance criteria
for the evaluation of DNA profiling results based on
control data collected as part of the laboratory’s DNA
testing activities. Commonly employed controls include
reagent blank controls, DNA extraction controls,
positive amplification controls, and negative amplification
controls.

The reagent blank control (e.g., a control sample pro-
cessed in parallel with the forensic casework sample but to
which no DNA source material was added) serves to
demonstrate that the DNA extraction and processing re-
agents do not contain human DNA. The DNA extraction
control (e.g., a blood or saliva sample having a previously
determined DNA profile) is utilized to demonstrate that the
DNA extraction process successfully yielded DNA having
the expected profile. The positive amplification control
(e.g., 007 DNA, 2800M DNA, or a similarly recognized
DNA standard) serves to demonstrate the integrity of the
PCR amplification process. Finally, the negative amplifi-
cation control (e.g., water or dilute Tris EDTA added to a
PCR reaction in place of a DNA template) serves to
demonstrate that the DNA typing kit itself does not contain
detectable levels of human DNA.

Prior to making any comparison between the human
DNA profile from an item of evidence (i.e., the forensic
profile) and a known reference profile from an alleged
victim or suspect, the forensic profile should be carefully
evaluated without a priori assumptions to determine if the

sample is a single-source or a mixed-contributor profile. If a
mixed-source profile is observed, a determination of the
minimum number of contributors must be made. These
initial determinations are critical to the accurate interpre-
tation of the sample and the choice of the statistical
approach that will be used to assess the scientific weight of
the interpretation. Artifact and allele identification and the
designation of loci that are suitable for use in statistical
analyses should be completed before comparison to any
known samples so as to avoid potential cognitive or
confirmation bias on the part of the analyst.

Only after all of these initial assessments have been
made should the forensic profile be compared to the
reference profiles of suspects and alleged victims. This
comparison generally results in one of three basic conclu-
sions (SWGDAM, 2010). In a worst-case scenario, the
comparison may be “Inconclusive” or “Uninterpretable”
due to a paucity of genetic information or the presence of
data that fails to meet the minimum quality standards for
interpretation. No conclusions can or should be drawn
regarding the potential source of DNA detected on such
forensic samples. If the forensic DNA profile is of
acceptable quality but is inconsistent with that of a given
reference profile, the individual represented by the refer-
ence DNA profile is said to be “Excluded” as the potential
source of the forensic DNA profile. When an individual’s
DNA profile is consistent with that from the item of evi-
dence, it is said that the reference DNA profile “Cannot Be
Excluded” as a potential source of the forensic DNA pro-
file. In this last case, it is standard practice to assign a
statistical significance/weight to the nonexclusion that re-
flects the rarity of the forensic profile among unrelated in-
dividuals in the general population.

21.6 STATISTICAL CALCULATIONS

21.6.1 Random Match Probability

Exclusions and inconclusive results warrant no further sta-
tistical analysis. However, a finding of “Cannot Be
Excluded” requires that the significance associated with the
potential match be calculated via statistical analysis
(SWGDAM, 2010). With respect to DNA profiles based on
autosomal STRs, the statistical measure of the rarity of a
DNA profile of interest depends on the number of contribu-
tors to the profile and whether there is a need to mathemati-
cally model the probability of such stochastic phenomena as
allele dropout to account for inconsistencies between a
reference profile and a forensic profile. In general, an RMP
statistic is appropriate for good quality single contributor
forensic profiles. The RMP statistic indicates how common/
rare a DNA profile is in the general population of unrelated
individuals (Bille et al., 2013). The RMP is calculated using
the multiplicative rule of probability to combine the

386 Molecular Diagnostics



individual genotype frequencies determined for each
analyzed locus. In accordance with the Hardy-Weinberg
formula, heterozygote frequency (f ) is calculated for alleles
“p” and “q” using the equation f ¼ 2pq. Homozygote fre-
quency (f ) is calculated for allele “p” using the equation
f ¼ p2 þ p(1�p)q where q ¼ 0.01 for most general pop-
ulations and q ¼ 0.03 for smaller and more reproductively
isolated populations (e.g., Native Americans residing within
the boundaries of a reservation) (Board, 2000; Council,
1996). It is important to point out that the standard RMP does
not indicate how common/rare a DNA profile is among
persons who are biologically related; such would require the
use of modified formulas (Puch-Solis et al., 2012). This
statistic is also not the probability that a given individual is
the true source of the DNA in a specific sample.

21.6.2 Combined Probability of Inclusion/
Exclusion

A combined probability of inclusion/exclusion (CPI/E)
statistic is suitable for use with high-quality mixed DNA
profiles (i.e., a forensic profile containing DNA from two or
more individuals) where, after accounting for alleles that
are potentially shared by different contributors, there is no
need to model potential stochastic effects. The CPI/E in-
dicates the probability that a randomly selected unrelated
individual from the general population will be included/
excluded as a potential contributor to a mixed-forensic
DNA profile. This statistic is also based on the multipli-
cative rule of probability whereby a probability of inclusion
(PI) value is calculated for each locus using the formula
PI ¼ (f allele 1 þ f allele 2 þ . þ f allele n)2 where
“f ” ¼ the allelic frequency. The PI values across all loci
within a profile are then multiplied together to obtain the
CPI. The combined probability of exclusion (CPE) is then
readily calculated from the CPI using the formula
CPE ¼ 1�CPI. It is important to point out that this statistic
is not the probability that a given individual is an actual
contributor to a mixture (Zhong et al., 1999).

21.6.3 Likelihood Ratio

The CPI statistic has also been widely criticized as being
overly inclusive (i.e., erring on the side of false inclusion),
not making full use of all available data, and not being
applicable to forensic profiles subject to stochastic ampli-
fication phenomena (Buckleton et al., 2006). As a result,
the use of the CPI/E statistic has decreased. In its place, the
likelihood ratio (LR) statistic is being employed to deter-
mine the statistical weight of a “Cannot be Excluded”
conclusion in regard to DNA mixtures. The LR statistic
compares the relative support for two competing and
mutually exclusive hypotheses under a specific set of a
priori assumptions. LR values can range from 0 toN where

values greater than 1.0 provide support for one hypothesis
under its associated assumptions, and values less than 1.0
provide support for the alternate hypothesis under its set of
associated assumptions. A key advantage of using LR
statistics is the ability to mathematically model different
assumptions with regard to the number of possible con-
tributors: the inclusion of assumed versus suspected con-
tributors and the probability of stochastic phenomena. As
powerful as LR statistical tools are, it is important to point
out that LR calculations are sensitive to changes in the
underlying hypotheses and/or assumptions, and there is no
requirement that either of the proposed hypotheses be true
(Goos et al., 2002). Finally, an LR statistic is not the
probability that the underlying assumptions of either hy-
pothesis are necessarily true/false. Rather, an LR indicates
the likelihood of a given outcome (i.e., the forensic DNA
profile) if one starts with the assumption that a given in-
dividual (i.e., the suspect, the alleged victim, or an indi-
vidual selected at random from the general population) is a
contributor.

Statistical calculations are used to determine the weight
of evidence for forensic DNA profiles in which the DNA
profile from the evidence has been found to “match” the
DNA profile of a victim or suspect. While an extensive
discussion regarding the calculations and statistical tools
used to evaluate the strength of DNA profiling results is
beyond the scope of this chapter, it is worth indicating that
there are numerous statistical approaches that can be used
for this purpose, including the RMP, the LR, and the
combined probability of exclusion/inclusion (CPE/CPI) as
described earlier. Guidelines for statistical interpretation of
DNA profiles have been issued by the National Research
Council, the DNA Advisory Board, and the European DNA
Profiling Group. Additionally, there are numerous studies
comparing the performance of different statistical models
for the interpretation of DNA profiles.

21.6.4 Counting Method

The general interpretation workflow for Y-STR results fol-
lows that of STR loci. This includes a quality check of the
data, a determination of the minimum number of contributors,
a comparison of forensic and reference profiles, and a deter-
mination of whether the reference haplotype is excluded or
not excluded as the potential source of the forensic haplotype.
When an individual male’s haplotype cannot be excluded as a
potential source of the haplotype developed from an item of
evidence, it is standard practice to state that neither the indi-
vidual male nor any of his paternally related male relatives nor
an unknown number of males in the general population can be
excluded. It is then customary to assign a statistical signifi-
cance/weight to the nonexclusion, which reflects the rarity of
the haplotype in the general population of males. It is here
where Y-STR interpretation differs from autosomal STR
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interpretation. Since Y-STRs are inherited paternally as a
haplotype and not as locus-independent events, the com-
bined product of individual allele frequencies cannot be
applied, as it is with autosomal STR profiles (Roewer et al.,
1996, 2000). Instead, the rarity of the haplotype can only be
estimated by applying the counting method to a Y-STR
population database, as is commonly employed in the
United States. (Budowle et al., 2003). To assign a statistical
weight to a Y-STR haplotype of interest, the haplotype is
searched against a reference database of unrelated in-
dividuals, and the number of times it is observed is counted
and reported against the total number of profiles comprising
the pertinent database population(s) that was searched. Thus
the power of discrimination that can be achieved using Y-
STRs is limited by the size of the population database used.

The general interpretation workflow for mtDNA analyses
initially follows that ofY-STRhaplotypes aswell. This includes
a quality check of the data and a determination of whether the
sequence data indicate a single source sample or a mixture.
Unlike Y-STR haplotypes, however, both the forensic haplo-
type and the reference haplotype are described in terms of their
sequence differences relative to a common standard (i.e., the
Revised Cambridge Reference Sequence). This then makes it
possible to determine whether the reference haplotype is
excluded or not excluded as the potential source of the forensic
haplotype. When an individual mtDNA haplotype cannot be
excluded as a potential source of the haplotype developed from
an item of evidence, it is accurate to state that neither the indi-
vidual nor any of their maternally related relatives nor an un-
known number of persons in the general population can be
excluded. It is then customary to assign a statistical significance/
weight to the nonexclusion, which reflects the rarity of the
haplotype in the general population of humans. AswithY-STR
interpretations, the uniparental inheritance of the full maternal
haplotype requires the use of the counting method to estimate
the rarity of a given mtDNA haplotype. To assign a statistical
weight to a givenmtDNAhaplotype of interest, the haplotype is
searched against a reference database of unrelated individuals
such as the SWGDAMMitochondrial DNA Population Data-
base and the European DNA Profiling group’s Mitochondrial
DNA Population database. The number of times a haplotype is
observed is counted and reported against the total number of
haplotypes comprising the pertinent database population(s) that
was searched. Thus the power of discrimination that can be
achieved using mtDNA is also limited by the size of the pop-
ulation database used.

21.7 NEXT GENERATION OF FORENSIC
DNA TECHNOLOGIES

As indicated earlier in this chapter, advances in DNA
extraction methods, Human DNA quantification by qPCR,
PCR-based DNA profiling, and automated CE have all helped

to revolutionize the field of forensic molecular biology.
Additionally, the commercial availability of autosomal STR,
Y-STR, mtDNA, and SNP-based typing kits that employ a
common set of genetic markers have facilitated greater
interlaboratory consistency, the sharing of DNA profile data
among laboratories around the world, and the creation of
searchable databases of forensic evidence, criminal offender
profiles, missing persons, and unidentified human remains. As
much as has been achieved, it is important to note that im-
provements in existing technologies and entirely new tech-
nical capabilities are continuously emerging. Two rapidly
expanding new technologies are fully integrated sample-to-
answer DNA profiling systems and next-generation genome
sequencing technologies.

21.7.1 Rapid DNA Profiling

The vast majority of DNA profiling conducted by public
and private forensic casework labs employs manual DNA
extraction, quantitation, and genetic marker amplification
kits. While many of these kits have steps that are amenable
to automation, the overall process can still be somewhat
labor intensive and time-consuming. Improvements that
have been made to reduce the turnaround time have focused
on direct PCR amplification from biological material
(Flores et al., 2014; Myers et al., 2012; Park et al., 2008;
Wang et al., 2011). By eliminating the need for separate
DNA extraction and quantitation assays prior to DNA
profiling, direct amplification approaches make it possible
for forensic laboratories to generate profiles more rapidly.
Since forensic samples must be processed by a laboratory,
and many labs process forensic evidences in batches, there
is still some lag time between sample collection at the crime
scene and the interpretation of a resulting profile at the
laboratory. The role of the laboratory as the optimal venue
for testing has traditionally been justified by the major
instrumentation and skilled personnel requirements, the
need for tight environmental controls, and contamination
prevention measures, including the strict segregation of
pre- and post-PCR amplification areas. Overall, these fac-
tors have made it difficult, if not impossible, to generate
DNA profiles from evidentiary material in less than 1 day
without resorting to overtime or multiple work shifts.
Similarly, these factors have stood as major obstacles to the
ability to conduct reliable DNA profiling at the crime scene,
booking station, or other field environment. Efforts over the
years to bring a fully functional DNA laboratory to the
crime scene have been operationally successful, but they
also represent an investment that is financially prohibitive
for the majority of law enforcement agencies.

In spite of what have been considered to be insur-
mountable hurdles, a long-standing desire on the part of
criminal investigators has been for the development of
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more mobile technologies for forensic DNA profiling that
could produce near immediate DNA profile data from crime
scene evidence, preferably in a forward operational envi-
ronment without the need for extensive scientific expertise.
Driving this desire is the recognition that the ability to
identify a perpetrator in a timely manner can often speed
the location and arrest of a criminal, thereby preventing
further criminal activity.

The development of what have been characterized as
“sample-to-profile” and microfluidic Lab-on-a-Chip tech-
nologies offer an opportunity to finally achieve rapid DNA
profiling in the field by fully integrating DNA extraction,
purification, template input, STR amplification, amplicon
size fractionation, allele detection, and genotype analysis
(Lounsbury et al., 2013; Greenspoon et al., 2008; Goedecke
et al., 2004). The technical feasibility and performance
characteristics of sample-to-profile and microfabricated
DNA analysis components have been reported in the
literature (Schmalzing et al., 1997; Hurth et al., 2010; Tan
et al., 2013). The first commercially available instrument
platforms with reagent packages for forensic applications
that attracted serious interest and adoption by forensic an-
alysts were the RapidHIT 200 Human Identification System
from IntegenX Inc. and the DNAscan Rapid DNA Analysis
System from partners NetBio and General Electric
Healthcare. Beginning with a swab of blood or buccal cells,
these instruments produce interpretable DNA profiles in
approximately 1.5 h with minimal hands-on effort and
without the need for a highly skilled forensic DNA analyst.

The RapidHIT 200 is a fully integrated benchtop in-
strument that uses a combination of one sample cartridge
with four chambers for analysis and one control cartridge
that also has four chambers for analysis. In the case of the
control cartridge, three chambers are reserved for a positive
and negative control and an STR allelic ladder. The last
chamber may be used for one sample. The cartridges are
run simultaneously such that profiles can be developed for
up to five samples at a time. After the cartridges are inserted
into the instrument and the sample swabs are placed into
the cartridge chambers, DNA is extracted and purified us-
ing the DNA IQ paramagnetic bead-based cell lysis system
from the Promega Corporation. This ensures that a
controlled amount of DNA is captured and released into the
amplification chamber, thus eliminating the need to quan-
tify the concentration of the extracted DNA. After extrac-
tion, the DNA from each sample is moved to individual
amplification chambers where it is combined with multi-
plexed primers and an amplification master mix to develop
a DNA profile. The RapidHIT� GlobalFiler� Express kit
(Hennessy et al., 2014), for example, simultaneously am-
plifies 24 loci, which include the expanded set of CODIS
core STR loci, SE33, two Y chromosome genetic markers,
and the sex-typing marker Amelogenin. Following

amplification, the PCR products and an internal size stan-
dard are ported to an 8-channel CE plate for amplicon
fractionation and detection by a charge coupled device
camera. To improve fractionation, the capillaries are on a
temperature-regulated printed circuit board rather than in an
air chamber. The collected DNA profile data are automat-
ically analyzed using the GeneMarker� HID software from
SoftGenetics, LLC. The system’s small footprint, rugged
optics, and ease of use allow for it be moved with relative
ease and thus to be used outside of a standard laboratory
environment (e.g., at a crime scene or booking station).

The DNAscan system has a different design than the
RapidHIT 200 system, but it is also capable of generating
DNA profiles from five forensic samples at a time in about
1.5 h. The core of the system is a single-use microfluidic
cassette called a BioChipSet Cassette (BCSC) that comes
preloaded with all of the required reagents for sample
processing. The BCSC consists of a smart cartridge, a gel
smart cartridge, an integrated biochip, and a separation/
detection biochip. The smart cartridge has five separate
purification units, each of which holds one sample swab for
analysis. There is a single formamide storage reservoir, and
each of the five purification units are linked to four liquid
reservoirs that hold the extraction/purification reagents. The
system employs a chaotrope-silica purification method that
has been adapted for microfluidic DNA purification. Upon
completion of the DNA extraction and purification step, the
DNA is transferred to the integrated biochip, which con-
tains the lyophilized reagents (i.e., PCR mix, internal lane
standard, and allelic ladder) required for PCR amplification
and analysis of targeted genetic markers. The DNAscan
system uses standard Promega STR analysis chemistries.
Upon completion of the PCR step, electrophoresis-ready
DNA is transferred to the separation/detection biochip,
which performs size fractionation of the STR amplicons by
electrophoresis in six electrophoresis channels. The gel
smart cartridge holds the linear polyacrylamide-based
sieving matrix and buffer used for the electrophoretic
separation. An optical interface at the detection window
receives laser light to excite fluorescent dyes for detection
by a photomultiplier tube. Data analysis is then performed
by automated allele calling software that interprets the
processed data in accordance with rules designed to repli-
cate the analytical processes of a forensic analyst.

Both systems were originally released for use with
reference samples primarily due to their need for relatively
large quantities of input DNA and high analytical thresh-
olds. When used with reference samples, the overall suc-
cess rate and accuracy of the rapid DNA profiling systems
is comparable to that seen using standard DNA profiling
methods (Gangano et al., 2013; Hennessy et al., 2013).
Accordingly, the rapid generation of STR profiles may
make it possible in some cases to obtain vital DNA-based
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investigative leads from some types of evidentiary material
in urgent high-priority cases. These platforms, however, do
not yet provide equivalence in detection sensitivity as
compared to standard DNA profiling systems. For the
present, this will limit their utility for the analysis of trace
and other more challenging samples that are typically
associated with crime scenes.

21.7.2 Next-Generation Sequencing

The success of DNA testing as applied to forensic casework
has brought with it a significant increase in demand, both
for the analysis of larger numbers of samples and for
greater amounts of genetic information to be obtained from
forensic type samples, including partially degraded sam-
ples, which can be particularly challenging. An emerging
area of focus for potential forensic applications of existing
cutting-edge molecular biological techniques to meet this
demand has been the use of NGS technologies. The capa-
bilities of NGS technologies are superior to traditional CE-
based platforms. Since NGS runs can be adjusted in terms
of coverage for sequence reads, the technique offers a great
degree of flexibility. For example, NGS platforms provide
the option of analyzing multiple marker types, such as
STRs, SNPs, mtDNA, and Y chromosome markers,
concurrently in a single run. Moreover, NGS technology’s
ability to generate the same amount of information in a
fraction of the time that a CE platform would require has
made it an indispensable tool for forensic genomic
research.

NGS platforms have the ability to increase the amount
of useful genetic information that can be obtained from
forensic samples. Consider, for example, that CE platforms
(as used in a forensic context) distinguish STR alleles based
on amplicon size rather than direct sequence. As a result,
alleles that are of identical length but which differ in
sequence are not recognized. This results in a loss of
potentially vital genetic information that could serve to
more confidently include or exclude an individual as a
potential contributor to the DNA profile developed from an
item of evidence. Advances in NGS technology now pro-
duce read lengths sufficient for STR testing. Thus even
when alleles are of identical length, sequence information
can be used to more precisely facilitate the identification of
distinct alleles. This, in turn, facilitates the accurate inter-
pretation of complex genomic DNA mixtures (Yang et al.,
2014). Digital readouts of the number of reads, or indi-
vidual sequences, also provide quantitative information that
can be applied to mixture deconvolution even for SNP and
mtDNA markers.

NGS platforms are also increasing the amount of in-
formation that can be generated from partially degraded
genomic DNA through the expanded use of SNP markers.
The use of SNPs with CE-based technologies is quite

limited because of the relatively small number of SNP loci
that can be multiplexed into an individual assay. Given the
biallelic nature of SNPs, this greatly reduces the achievable
power of discrimination unless a greater number of SNP
loci can be typed. However, using an NGS-based approach,
thousands of SNP markers can be analyzed simultaneously,
thereby dramatically increasing the amount of useful data
that can be obtained from partially degraded samples
(Daniel et al., 2015).

Several NGS platforms are available on the market, and
several manufacturers have explored the development of
forensic applications. Among these, the MiSeq FGx System
by Illumina is the first fully validated sequencing system
designed for forensic applications that target a subset of
informative genetic markers. The MiSeq FGx instrument
platform, library preparation kits, customized instrument
control, and data analysis software have been developmen-
tally validated in accordance with SWGDAM guidelines for
forensic applications. It is specifically designed to support the
reliable analysis of both routine and challenging forensic
samples. Coupled with the ForenSeq DNA Prep kit, the
MiSeq FGx platform multiplexes the targeted sequencing of
multiple types of forensically relevant genetic markers.
These include 63 STRs and 95 identity SNPs, 56 ancestry
SNPs, and 22 phenotypic SNPs. NGS-based sequencing also
provides new opportunities for the accurate quantitative
deconvolution of DNA mixtures and the identification of
intra-STR allele sequence variants that would be missed by
CE-based platforms. The SNPs that are assayed by the
ForenSeq DNA Prep Kit are less than 125 base pairs in
length, which makes them ideal targets for the analysis of
partially or highly degraded DNA. In fact, it has been shown
that >90% of SNP markers were correctly typed using less
than 100 pg of input DNA (Churchill et al., 2016). The
sensitivity of this platform and low DNA input requirements
make this system better equipped to handle the challenges
facing the field of forensic biology today as compared to
traditional CE-based approaches. Thermo Fisher Scientific
has also marketed two forensically targeted panels: the HID
Ion AmpliSeq Ancestry Panel and the Identity Panel. The
Ancestry Panel targets 165 autosomal SNPmarkerswhile the
Identity Panel targets 124 SNP markers, including 90 auto-
somal SNPs and 34 Y-SNPs.

Future NGS platforms with potential forensic utility are
focused on single molecule real-time sequencing. Pacific
Biosciences is leading the field with the Sequel System and
Oxford Nanopore with the MinION, PromethION, and
GridION systems. These platforms not only detect single
molecules but also promise longer read lengths and the
ability to directly detect epigenetic modifications, which in
a forensic application can be used to genetically distinguish
identical twins.

Overall, forensic geneticists worldwide are now looking
to NGS platforms and applications as a reliable means of
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overcoming the limitations of the classical CE-based
approach to genomic analyses. NGS promises the field of
forensics increasing genetic discrimination by increasing
the total number of informative genetic markers that can be
detected in a cost-effective manner.

21.8 CONCLUSIONS

Modern advances in the field of molecular biology have
had a significant impact on the applied field of forensic
science and forensic identification cases. With a multitude
of available genetic markers and improved analysis plat-
forms, even small and/or degraded samples can be genet-
ically categorized and have the potential to provide
meaningful information to criminal investigators. The use
of STRs, Y chromosome markers, and mtDNA with CE
platforms provides sufficient discrimination power for most
applications and has become well established and routinely
employed in the field. Most industrialized nations have
now established or are in the process of establishing
forensic DNA databases based on STR technology for
aiding criminal investigations. There is rapidly growing
interest in the potential utility of SNP markers for gaining
phenotypic information and for the analysis of degraded
samples. Similarly, NGS platforms are being developed to
squeeze more genetic information from standard and
challenging forensic casework samples. The simultaneous
detection of autosomal STR markers, Y chromosome
markers, mtDNA, and ancestry, identity, and phenotypic
SNPs will provide critical genetic information to forensic
investigations more readily and at a lower cost than was
previously possible.

Oftentimes advances in forensic technologies have
grown out of those of the medical diagnostics community, a
fact that explains why forensic DNA testing laboratories
often seem to be technologically lagging behind their
clinical counterparts. At the same time, the fact that
forensic technologies have roots in the medical molecular
diagnostics community serves to provide a critical foun-
dation of support for the admissibility of such technologies
in the courts. This is because the judicial systems in the
United States and around the world tend to be conservative.
The US courts look for either indications of general
acceptance or of the reliability and relevance of a new
technology before admitting it in judicial proceedings. An
error in a medical diagnostic test can certainly have dire
consequences for a patient and may result in a civil lawsuit
against the physician, the clinical testing facility, or the
assay manufacturer. In the criminal justice context, how-
ever, an error in a forensic test can result in an innocent
person being wrongfully convicted and deprived of his or
her freedom or wrongfully executed. In a criminal context,
an error in a forensic test may result in a failure to convict a
guilty person who is then released to commit additional

heinous crimes. The close interrelationship between the
fields of forensics and molecular diagnostics therefore is an
important part of helping to ensure the confidence of the
general public in our institutions of justice.
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Chapter 22

New Perspectives in Mass Disaster Victim
Identification Assisted by DNA Typing
and Forensic Genomics

D. Corach
Universidad de Buenos Aires, Buenos Aires, Argentina

22.1 INTRODUCTION

At the beginning of the 20th century, Karl Landsteiner
(1901) identified the ABO blood group, the first monogenic
serological polymorphism employed for preventing
transfusion-associated disease and for kinship rejections
due to its Mendelian transmission. Over 5 decades elapsed
between the detection of this genetic marker and the
unveiling of the DNA structure (Watson and Crick, 1953)
and over 80 years from the detection of human DNA
polymorphisms (Wyman and White, 1980).

Hence, for over 80 years, blood groups and other
serological polymorphisms remained as the molecular
diagnostic tools for inferring biological kinship. Their
reduced discriminatory power and the cell integrity
required for the analysis limited the potential applicability
for investigating forensic evidentiary material or decom-
posed corpses or remains.

After the serological genetic markers were discovered,
achieving the state of the art in the forensic field in German-
speaking countries, mainly Austria and Germany, a scien-
tific society named the “Gesellschaft für forensische
Blutgruppenkunde” (Society for Forensic Hemogenetics)
was founded in 1968. Due to the growing interest in
serological polymorphisms and their use in forensic in-
vestigations, this society became an international forum in
1989, receiving the status of an international society
(“International Society for Forensic Haemogenetics”).

In the mid-1980s, two discoveries and a technical
development converged, and a few years later they com-
bined synergically. The development of the polymerase
chain reaction (PCR) by Mullis et al. (1986 and the

discovery of hypervariable minisatellite sequences in
human DNA by Jeffreys et al. (1985) and microsatellite
DNA markers by Epplen et al. (1982), Panicker and Singh
(1994), Tautz and Renz (1984), and Weber and Mayr
(1989) strongly impacted the forensic community by
introducing approaches that improved the usefulness of
molecular polymorphisms in forensic sciences. These new
approaches substantially modified the analytical frame-
work. In 1991, as a result of the transition from serolog-
ical to DNA markers, the International Society of
Forensic Hemogenetics was renamed, receiving the
denomination of “International Society for Forensic Ge-
netics.” This society is the leading international forum in
the field.

A major impact was brought forth in the field of human
identification in cases involving living or deceased people,
since even a certain degree of DNA degradation was likely
to be neglected by the analysis of microsatellites. Micro-
satellites are small polymorphic regions, also termed short
tandem repeats (STRs), which are widely distributed
throughout the genome. Their applicability and use in
forensic identification was demonstrated by Edwards et al.
(1991,1992), becoming the gold standard technique in the
field of human identification.

The availability of this new analytical approach effi-
ciently contributed to the development of strategies that
allowed for the identification of decomposed corpses and
fragmentary human remains, often “by-products” of mass
disasters, by comparing their genetic profiles with those of
their putative relatives. This chapter will briefly summarize
the evolution of the DNA-based methods used for identi-
fying victims and human remains from mass disasters and

Molecular Diagnostics. http://dx.doi.org/10.1016/B978-0-12-802971-8.00022-5
Copyright © 2017 Elsevier Ltd. All rights reserved.

395

http://dx.doi.org/10.1016/B978-0-12-802971-8.00022-5


discuss the new forensic genomic tools that will further
optimize forensic identification procedures. The new ap-
proaches offer, in addition to identification tools, other
marker sets that might help in determining the geograph-
ical/ethnic affinities of the victims as well as providing
information about phenotypic traits from fragmented
corpses, refining the identification capabilities introduced
within the DNA next-generation sequencing (NGS)
approach.

22.2 CLASSIFICATION OF MASS
FATALITIES AND DIVERSE SCENARIOS
FOR HUMAN REMAINS RETRIEVAL

Hazards and mass disasters are extremely complex sce-
narios whose origins might be mainly determined by two
major forces: natural and man-induced catastrophes. Some
authors such as Wisner (2004) argue that all disasters are
man-induced, since human action can prevent their devel-
opment into a mass disaster before the strike of the hazard.
Human failure in developing adequate disaster management
preventive policies might result in human responsibility in
most of them. Different kinds of hazards, which indicate
the acting forces and their impact on the environment and
human beings, are summarized in Table 22.1. It is impor-
tant to keep in mind that some hazards are far from simple
in terms of their effects, as they might produce a chain
reaction with extremely severe effects.

Since the beginning of 2010, a number of catastrophic
events have occurred worldwide, including natural di-
sasters, airplane accidents, and terrorist attacks. These
events are summarized in Fig. 22.1, and the underling in-
formation was obtained from journal reports, as in the case
of Fig. 22.2.

Concerning natural disasters, in addition to the earth-
quake that severely affected Haiti on January 12, 2010,
killing over 160,000 people, other natural disasters left a
death toll of more than 1500 people. In the same period of
time, commercial airplane crashes caused over 2700 fatal-
ities and terrorist attacks claimed more than 20,000 victims,
as depicted in Fig. 22.2. Many of the fatalities required
DNA-assisted body fragment reconstruction followed by
identification aided by DNA typing approaches.

Many factors may cause these catastrophes and, as a
result, developing countries are directly affected by their
effects. In fact, in these countries, human vulnerability is
increased due to the lack of appropriate emergency man-
agement and planning. Accordingly, the unexpectedness of
the event may intensify the adverse effects of the hazard,
which, in turn, may result in extremely serious human,
structural, and financial losses. The deadly earthquake in
Haiti left behind a death toll of over 160,000 people.
However, generalizations are misleading. A clear example
of such events and their impact on an industrialized coun-
try, such as the United States, is the series of a total number
of 15 natural disasters that occurred within the period from
2010 to July 2015. These hazards ranged from floods,
hurricanes, and tornadoes to blizzards, wildfires, and
mudflows, accounting for a total of 890 lost lives.

Both natural and man-induced fatalities might cause a
variable number of victims. Nevertheless, natural disasters
usually affect a great number of people and in most cases
DNA-based identification is mandatory. Some of the most
relevant circumstances surrounding natural disasters are the
time elapsed since the moment the hazard hits a vulnerable
area and the moment of retrieval of corpses and remains. In
addition, the identification process might face serious
restrictions, such as the lack of surviving relatives, which

TABLE 22.1 Summary of Different Hazard Types and Their Effects on the Environment and Human Body

Promoting Force Type of Hazard Description Type of Remains

Natural Geological Earthquake Buried/decomposed

Climatological Volcanic eruption Burnt

Tsunami Drowned/decomposed

Hurricane Drowned/decomposed

Landslide Buried/decomposed

Biological Epidemic -

Man-induced Technological Environmental -

Engineering failure Variable

Transport accident Fragmentary/decomposed

Sociological Terrorist attack Fragmentary/decomposed

War Skeletonized
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might otherwise have provided reference samples for
comparison.

Moreover, man-induced fatalities might also widely
vary in terms of the number of resulting victims. In some
terrorist attacks, these victims may range from a few (tens/
hundreds), as in the case of suicide bombings, to a
considerable larger number (thousands), as in the event of
the integrated terrorist attack that destroyed the World
Trade Center in New York City on September 11, 2001.

The retrieval of remains is a time-consuming process,
strongly influenced by the magnitude of the disaster and the
degree of environmental modifications caused by the haz-
ard. Accordingly, the fragmentary remains are usually
inversely proportional to the dimension of the case, the

number of victims, and the degree of environmental
destruction. Hence, retrieval, cataloging, and storage
represent the slowest steps in the analysis. Instead, DNA
typing is considerably faster. DNA extractions can be car-
ried out in a few hours with the help of automated platforms
that may ensure a high throughput of molecular typing
results. In most cases, living relatives can provide reference
samples for comparison. Nevertheless, the victims’ per-
sonal belongings are used in special cases where no rela-
tives are available. Body fragmentation usually occurs in
terrorist attack cases using explosives. Under these condi-
tions, it is important to analyze every tissue fragment in
order to reconstruct the body for further comparison with
reference samples. In some cases, this strategy may provide

2010 2011 2012 2013 2014
Terrorist Attacks 40 20 239 67 131 112 98 81 174 47
Airplane Accidents 7 12 12 9 5 6 3 7 2 5
Natural Disasters 1 2 1 0 2 0 0 0 0 0
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FIGURE 22.1 Worldwide evaluation of the total number of disaster events resulting from diverse disaster scenarios during 2010e2014.

2010 2011 2012 2013 2014
Terrorism Victims 568 594 3199 1130 2292 2143 3244 3577 2586 1033
Aircrash Victims 563 196 196 249 381 71 38 162 257 663
Natural Disaster Victims 0 274 903 0 341 0 0 0 0 0
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FIGURE 22.2 Worldwide evaluation of the death toll resulting from diverse disaster scenarios during 2010e2014.
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a clue concerning the number of victims resulting from the
explosion and, potentially, to identify the suicide terrorist,
if that is the case.

DNA-based identification is also mandatory in some
special cases, such as those caused by transport accidents,
in which the number and identity of the passengers are
unknown but not all of them are deceased.

22.3 CONVENTIONAL IDENTIFICATION
CRITERIA ROUTINELY USED FOR
HUMAN IDENTIFICATION

The ability to recognize and identify human individuals
represents a complex cognitive process. Although identi-
fication can be considered to be an automatic recognizing
reflex, experienced by babies during their early months of
life or even by nonhuman mammals such as pets, its
underlying mechanisms are far from simple. The basic
process requires an information storage device, a sensorial
system that might allow the information to be captured
and stored, and an adequate program that would allow for
establishing coincidences between the previously stored
information and the incoming data detected after the first
capture. We practice this process daily unconsciously.
This is true for a person’s immediate recognition of his/
her surrounding environment. This process is mostly
subjective and is affected by memory loss or alterations in
cognitive abilities.

Beyond the individual process, personal identification
requires the use of objective criteria for developing robust
and reliable identification systems that can contribute to
personal identification at a nationwide environment. What
kind of traits can provide useful information for an unbi-
ased identification? Basically, these traits should be highly
polymorphic and remain unchanged throughout life. Fin-
gerprints are the only morphological attributes that may
fulfill these requirements. Their use in identification can be
traced back to the end of the 19th century when Francis
Galton (1892) described the identification potential of
finger ridges or dermatoglyphs.

During the 20th century, the creation of dactyloscopic
databases, which are a part of identification documentation
systems in most countries, was spread worldwide. Their
identification power is remarkable since they can distin-
guish monozygous twins, a task that will fail if carried out
by DNA analysis. Another criterion includes a person’s
signature, since calligraphic traces respond to an
individual-specific pattern. Their analysis may correlate a
piece of writing with a signature reference. Moreover,
physiognomic traits are included as identification tools.
However, it is evident that these features widely vary along
a person’s lifetime. Nevertheless, in a given life span they
might provide useful identification information.

The abovementioned criteria were put together, and
countrywide databases were created. These criteria repre-
sent the conventional identification approaches stored in
“institutional memories” and depicted on our identification
cards and passports, depending on the legal system of each
country. These identification systems focus on establishing
the identity of a given individual by comparing evidence,
either a person’s photographic image, a piece of writing, or
even a latent fingerprint, with its corresponding reference,
stored in a database. These criteria, which might be efficient
for identifying an individual, are not suited for establishing
biological relatedness.

In some special cases, such as mass disasters, aircraft
crashes, terrorist bombings, mass floods, or earth slides,
other information might be relevant in addition to dacty-
loscopic and photographic data available from databases.
The following items, which can be provided by living
relatives seeking missing family members, serve as an
example: personal belongings, ante mortem information,
including dental records, radiological studies revealing
personal features, and a detailed description of personal
marks, such as tattoos, piercings, or scars.

The systematic use of these kinds of identification pa-
rameters may be useful, but they require maximum care
since the emotional pressure of relatives might lead to a
biased recognition that could generate serious conflicts if
the misidentification is detected at a later stage.

In addition to the so-called conventional criteria, mass
disaster victim identification has been highly improved by
the DNA-based identification approach. The first terrorist
attack in which a wide set of DNA markers was used
occurred in Argentina in 1992 (Corach et al., 1994), when
the Embassy of Israel was hit by an explosive charge
supposedly driven in a light truck by a suicide terrorist,
whose remains were never found. The inclusion of this new
identification approach called for the development of stra-
tegies for handling remains in order to ensure the optimi-
zation of DNA retrieval from samples, whenever possible.

22.4 CRITERIA FOR THE PRESERVATION
OF REMAINS

The emergence of DNA-based identification methodolo-
gies in the forensic field brought about dramatic changes
concerning sample preservation. Since their first use, re-
striction fragment length polymorphism (RFLP)- and PCR-
based approaches have been applied to catastrophe-
emerging remains. The first kind of markers mentioned
above required the prevention of sample degradation, since
polymorphic changes are detected within a wide range of
DNA fragment sizes, strongly influenced by the single
locus probes (SLPs) used and the restriction enzyme
employed for DNA cleavage (mostly HaeIII with DNA
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fragment sizes ranging from 1 to 10 kb). The second set of
markers, STRs, were introduced by Edwards et al. (1991
and are widely spread in the forensic field. These markers
can be informative even with partially degraded DNA
samples; however, they are highly sensitive to interindi-
vidual contamination. Similar constraints are also valid for
mitochondrial (mt) DNA sequencing of the D-Loop or
Control Region that includes hypervariable regions I, II,
and III (HVRI, II, and III) (Anderson et al., 1981; Vigilant
et al., 1988; Andrews et al., 1999; Owen, 2000; Parson
et al., 2004). Moreover, interspecies contamination has no
effect on PCR-driven polymorphism detection, since spe-
cies specificity is provided by the primer sequence used
and is mostly human-specific, either for STRs or Control
Region mtDNA amplifications.

In close relation to the described characteristics of the
molecular approaches used for disclosing polymorphic at-
tributes of the remains under study, practical procedures
have been developed in order to optimize the material for
preservation prior to analysis.

Mass fatality events occurring in Argentina were
investigated by our group. During the Embassy case, the
collection of remains was far from ideal, since there was
insufficient prior knowledge available; therefore unin-
tended errors were made. Inadequate handling of frag-
mentary body parts and long exposures to room
temperature led to a certain degree of sample degradation
and in some cases to interindividual contamination. These
observations became apparent after DNA typing. The les-
sons we learned from this dramatic experience led us to
develop guidelines on sample preservation procedures,
whose implementation highly improved the results of other
tragedies that were subsequently investigated.

These preservation procedures included the recovery of
fragmentary remains in individual plastic bags and abun-
dant tap and sterile water washing and rinsing prior to
tissue sample collection. The tissues, mostly muscles, were
placed in 50-mL sterile plastic tubes previously labeled and
kept at e20�C until the moment of DNA extraction. These
simple and basic rules allowed for the improved recovery
of DNA samples, generally highly fragmented human re-
mains obtained from the victims.

The second mass fatality event occurred 2 years later
in Buenos Aires City, with more severe effects than in the
previous case and producing a higher number of victims
(Corach et al., 1995, 1996a). A terrorist attack using ex-
plosives completely destroyed a building and buried some
of the victims. Ten months after the attack, when the
building debris was removed completely, dehydrated
muscle tissues were recovered. DNA was efficiently
extracted, and its quality was suitable for STR typing or
mtDNA sequencing. Based on the results obtained from
the dehydrated soft tissue samples, a set of experiments
was performed in order to develop a procedure that might

warrant soft tissue preservation at room temperature.
Since then, it has become our procedure of choice for
fragmentary tissue preservation (Corach et al., 1996b). A
few years later, when DNA quantitation by real-time PCR
using a commercial quantification kit and genetic analysis
“expert software” became available, a detailed analysis
evaluating the preservation efficiency of dry table salt
(commercial edible sodium chloride) on muscle tissue for
1 year at room temperature was carried out by our group.
The sample preservation strategy based on salt dehydra-
tion proved to be highly efficient and allowed us to obtain
complete genotypes with over 15 polymorphic STR loci
and an amelogenin gene fragment (Caputo et al., 2011).
At the moment of sample collection and for molecular
identification purposes, the importance of complete sam-
pling of all fragmentary remains must be stressed, even
when some traits may lead to their visual identification.
This practice will efficiently contribute to determining the
number of victims and to reducing the number of un-
identified remains at the morgue.

22.5 DNA POLYMORPHISMS USED FOR
TRACING KINSHIP BETWEEN
FRAGMENTARY HUMAN REMAINS AND
THE RELATIVES CLAIMING THEM

During a short period between 1985 and 1992, a variety
of diverse polymorphisms were identified, validated,
and used in forensic casework investigation. RFLP anal-
ysis detected multilocus (Jeffreys et al., 1985) and single
locus (Nakamura et al., 1987) minisatellites. PCR-based
approaches included HLA DQ-A1 (Erlich and Bugawan,
1989) and Polymarker (Herrin et al., 1994) allele-specific
oligotyping detected by reverse-dot blot hybridization;
D1S80 PCR-amplified minisatellite (Budowle
et al.,1991); STR typing (Edwards et al., 1991); and
mtDNA sequence analysis (Ginther et al., 1992). Addi-
tionally, the inclusion of the markers harbored in the Y
chromosome efficiently contributed to gender determina-
tion, which represented a relevant contribution to the
identification of fragmentary remains.

With the exception of RFLP-based minisatellite DNA
typing and the DQ-A1/Polymarker systems, all other
molecular approaches, such as the automation of analyt-
ical platforms, either for sequence or fragment analysis,
are currently in use with relevant improvements. Addi-
tional markers were included for investigating the fatal-
ities of one of the most sadly conspicuous terrorist
attacks: the crash of two planes into the North and South
Towers of the World Trade Center, causing them to
collapse on September 11, 2001, in New York City. The
inclusion of single nucleotide polymorphisms (SNP) and
the use of “mini” STRs highly improved the ability to
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retrieve informative genetic profiles and genotypes from
severely degraded samples.

22.6 CHALLENGES CONCERNING DNA
DEGRADATION AND CONTAMINATION

Between the occurrence of a given disaster and the
collection of remains, a highly variable period of time
might elapse. Accordingly, the decomposition of corpses
and human body fragments characterize the materials to be
analyzed. In addition, the decaying process is strongly
influenced by environmental conditions, such as tempera-
ture, humidity, soil, surrounding debris, etc. Decomposing
is associated with macromolecular degradation, mostly
hydrolysis and the deamination of proteins and the reduc-
tion of the molecular size of DNA fragments. The initially
developed genetic polymorphic markers for human identi-
fication, although highly informative, proved to be of
limited use when degraded samples needed to be analyzed.
DNA integrity is also required for the evaluation of these
markers, whose average fragment size should be as high as
10 kb. Furthermore, considerable amounts of genetic ma-
terial are needed, due to the requirements imposed by the
Southern blot hybridization approach. The efficient detec-
tion of hybridization signals needs at least 50 ng of DNA.
Another limitation, determined by the nature of multilocus
probes (MLPs) (Jeffreys et al., 1985) that are able to un-
cover highly polymorphic DNA minisatellites, is related to
its specificity. These genome-wide distributed poly-
morphisms are present in almost every organism, including
animals, plants, and fungi. Hence the lack of human
specificity may obscure the hybridization patterns, since
heterologous contaminant DNA may produce overlapping
multiband results. MLP use was discontinued a few years
after its discovery. However, its use as a probe for
screening human genome libraries enabled the detection
and isolation of a wide variety of human-specific clones,
many of which denoted variable degrees of polymorphisms
(Nakamura et al., 1987). These SLP markers were used as
efficient probes that were sensitive to DNA integrity and
quantity but unaffected by heterologous contamination.
Their use in forensic identification was widespread, and
some cases of mass fatalities were investigated with the
help of these markers (Ludes et al., 1994; Corach et al.,
1994). They were also used to confirm STR results ob-
tained after the analysis of fragmentary remains.

Perhaps some of the most informative genetic markers
ever developed for human identification were derived from
SLP markers, in particular the MS31s, on which the repeat
units denote detectable variation. These markers were
termed minisatellite variant repeats (MVR) (Jeffreys et al.,
1990). The combination of long-length PCR using primer-
specific reactions followed by Southern blotting and hy-
bridization with a specific SLP obtained highly informative

genetic “bar codes.” Their use in highly degraded samples
was extremely efficient, combining SLP usefulness and
PCR sensitivity. Their use allowed for the efficient identi-
fication of remains from the terrorist attack on a Jewish
Mutual Association in Buenos Aires (Corach et al., 1996a).
Unfortunately, these markers were not included in the
routine casework marker battery.

Another efficient approach successfully used for
obtaining valuable identification information from decom-
posed or skeletonized remains was provided by mtDNA
sequence analysis. The most relevant attributes of this ge-
netic marker reside in its size, structure, and multiplicity of
copies present per cell. The small size of the mt genome
(16,569-bp long) and its circular structure make it resistant
to physical rupture and exonuclease degradation and the
high copy number (with an average of five copies per
organelle and over 1000 organelles/cells potential) allows
retrieval of DNA fragments present in highly degraded
samples. Maternal transmission of mtDNA only permits the
matrilineage tracing of a given individual. The Control
Region or D-Loop harbors a variety of polymorphic base
substitutions and insertion/deletion polymorphisms within
this noncoding region of about 1.2 kb. Three regions are
recognized within it, denoted as HVRI (16,024e16,365),
HVRII (73e349), and HVRIII (438e574). In some cases
in which highly degraded material is analyzed, “mini-
sequencing” strategies can be used in order to improve the
results (Gabriel et al., 2001). This strategy is based on the
amplification of small amplicons included in the hyper-
variable regions for further sequencing. The amplification
of overlapping fragments allows for the “reconstruction” of
badly degraded DNA fragments, since smaller fragments
are more abundant in degraded samples. This approach has
been successfully used in analyzing skeletonized human
remains after long burial time periods (Corach et al., 1997).

As previously mentioned, forensic identification capa-
bilities were boosted by the emergence of STR technology,
which provided a powerful tool for routine use in estab-
lishing matches between suspects and crime scene evi-
dences and investigating biological kinship relationships.
Their main feature was to allow the typing of degraded
samples containing minute DNA amounts. Moreover, the
genome-wide distribution of STRs offers a chance to
diversify their application field. The first set of STRs that
appeared to be effective for forensic application was
located on autosomal and X chromosomes (Edwards et al.,
1991), and soon after, those located on the Y chromosome
were described (Roewer et al., 1992). Autosomal STRs are
fundamental for forensic evidence and individual identifi-
cation; they are highly informative, can undergo recombi-
nation, and are inherited from both parents. Those located
on the sex chromosomes have clearly different attributes.
Those harbored on the X chromosome behave as autosomal
markers in females with normal recombination, whereas in
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males they fail to recombine with their counterpart, the Y
chromosome. Accordingly, the Y chromosome is trans-
mitted unrecombined from fathers to sons as a block of
genetic information, and the sole variation they can incor-
porate is the product of mutation events. This character
restricts their identification potential to the patrilineage
level but provides a sensitive tool for detecting traces of
male-specific material, such as semen in rape cases, and in
the analysis of fragmentary remains. On the other hand, X
chromosome STRs (X-STRs) have proved to be a relevant
application in father-daughter cases (Schmidtke et al.,
2004). The combined use of Y- and X-STRs has efficiently
sped up the identification tasks performed in mass disaster
case identification (Corach et al., 1995,1997).

Another additional improvement was introducedwith the
development of the “mini-STR.” In these systems, the same
loci are used. However, new primer sites were defined much
closer to the variable region in which repeat units are tan-
demly organized. Accordingly, the amplification products
are much more reduced in size, at 100 bp shorter than their
regular STR counterparts (Wiegand and Kleiber, 2001).

SNP profiling is one of the most recent inclusions
within the identification polymorphic systems. Since the
number of alleles per system is restricted to two (biallele
markers), the use of a complete set of SNPs may provide
acceptable discrimination and exclusion powers (Gill,
2001). Since polymorphism is restricted to a single nucle-
otide, it offers the possibility of analyzing highly degraded
DNA samples. Its usefulness was demonstrated in the
September 11, 2001, terrorist attacks (Vastag, 2002).

22.7 CRITERIA EVOLUTION AND
TECHNICAL APPROACHES APPLIED TO
DNA-BASED VICTIM IDENTIFICATION IN
MASS DISASTERS FROM THE EARLY
1990s TO DATE

As in many other fields of science, the continuous im-
provements in analytical processes, programming tech-
niques, and software developments have allowed scientists
to speed up data acquisition and processing. In addition,
software design has contributed to optimizing the data-
gathering systems included in automated sequencers and
allowed for dealing with extremely high numbers of ge-
notypes for rapid comparison/matching purposes. This led
to the establishment of the National Database in Great
Britain in 1995 and the Combined DNA Index System
(CODIS) in the United States in 1997. In addition to their
relevant use in forensic casework, the latter proved to be
extraordinary helpful in the identification of victims
emerging from the September 11, 2001, terrorist attacks
(DNA President’s initiative, 2004; http://www.dna.gov).
However, many previous cases were investigated, and

positive identification resulted from these analyses. The
successful use of manual platforms was attained, despite
being more laborious and time-consuming. Those labor-
intensive approaches provided highly reproducible and
robust results, but their efficiency for handling massive
sample sets was limited.

In the early 1990s, the Southern blot hybridization
approach allowed SLP typing, but few polymorphisms that
could be detected by PCR-based methods were available.
Most of these were at an experimental stage; however, in
some special cases their use was widely justified. Addi-
tionally, genotype comparison, originally carried out by
simple counting (Corach et al., 1995), was later replaced by
simple programs that sped up the analytical process. This
new approach made it possible to find samples that depicted
genotype identities leading to body reconstruction or to
establish possible kinship relationships between recon-
structed bodies and putative relatives by comparing geno-
types of remains/corpses and reference samples.
Experimental strategies clearly varied due to technical
feasibilities available at the time of each investigated case.

22.8 DESCRIPTION OF ANALYZED CASES

Different mass disaster situations are exemplified by six
cases in which our lab was involved. These six mass
disaster cases can be classified as man-induced disasters,
and their occurrence can be defined by the following: (1)
one closed accident, a commercial airplane explosion at
approximately 2000 meters; (2) two open road accidents,
one involving a commercial airplane crash immediately
after takeoff and the other two buses that crashed and
caught fire; and (3) three terrorist attack cases, two of them
probably driven by religious motivations and one mass
murder case conducted by state terrorism during the last
military dictatorship in Argentina. A detailed description of
these cases is discussed in the next paragraphs.

22.8.1 Terrorist Attack Cases

22.8.1.1 Terrorist Attack on the Embassy of
Israel in Buenos Aires, Argentina

On March 17, 1992, a terrorist bomb completely destroyed
the Israeli Embassy in Buenos Aires. Approximately 300
people were wounded, and the number of fatalities was
estimated at 28, among them four Israeli members of the
Embassy staff, four local embassy employees, some elderly
residents at a nursing home, and school children on a passing
bus. This attack marked the introduction of the Middle East
(http://www.jewishvirtuallibrary.org/jsource/Terrorism/
terrortoc.html) into South America and was the first mass
disaster in which the remains were investigated using DNA-
based technology in its early development stages.

New Perspectives in Mass Disaster Victim Identification Chapter | 22 401

http://www.dna.gov
http://www.jewishvirtuallibrary.org/jsource/Terrorism/terrortoc.html
http://www.jewishvirtuallibrary.org/jsource/Terrorism/terrortoc.html


Ten human remains were analyzed sometime after the
explosion. The material was partially putrid, and intense
bacterial contamination was denoted by the presence of 16
and 23S bacterial rRNA overimposed on some sample
lanes. The analyses were carried out using single locus
minisatellite YNH-24 (Nakamura et al., 1987) and six
STRs, two of them located on the X chromosome
(HUMARA and HUMHPRTB) and four on autosomal
chromosomes (HUMTHO-1, FABP, RENA-4, and CD-4).
Gender on the fragmentary remains was determined by
amplifying the Yq13-ter sequences included within the
heterochromatin region of the Y chromosome, described by
Kogan et al. (1987). MtDNA sequencing of HVRI and
HVRII was carried out by asymmetrical amplification.

Most samples were completely typed, and the data was
compared with putative relatives; no missing victims were
officially recognized. This was the first DNA analysis
requested in Argentina by the Supreme Court of Justice in a
criminal case.

22.8.1.2 Bombing of the Argentine Israeli
Mutual Association in 1994

On July 18, 1994, the building of the Argentine Israeli
Mutual Association was the bombing target of a terrorist
action in the city of Buenos Aires. In this attack, 85 people
were killed and hundreds were injured. It was Argentina’s
deadliest terrorist bombing aggression. The overall inves-
tigation required the analysis of over 350 samples,
including human remains and reference samples. A rapid
molecular screening was performed by employing five
autosomal STRs (HUMTHO-1, FES/FPS, FABP, vWA,
HUMRENA4) and two sex chromosome STRs:
HUMHPRTB on the X chromosome and Y27H39 on the Y
chromosome, also known as DYS19. STR profiling results
were confirmed by SLP typing in those cases in which
molecular integrity allowed the retrieval of quality-suited
DNA for the analysis. Four minisatellite probes (YNH-
24, PH-30, MS1, and LH-1) were used in subsequent hy-
bridization/dehybridization cycles employing a single
Southern blotted membrane for each set of samples. In
those cases with highly degraded DNA, confirmation was
attained by the PCR-MVR approach (Jeffreys et al., 1990)
or mtDNA HVRI and HVRII sequencing.

22.8.1.3 Mass Murder Case Conducted by
State Terrorism During the Last Military
Dictatorship in Argentina

Argentina was ruled by military forces during the period
between 1976 and 1983. During this time, the bloodiest
repression ever was perpetrated by state terrorism. Over
30,000 people were supposedly killed or missing, of which
over 11,000 disappearances have been well documented.

Diverse kidnapping/torture/killing modalities were used,
which resulted in missing victims whose corpses were
never retrieved. However, anonymous skeletal remains
were discovered in public cemeteries, known as “NN burial
sites.” In order to investigate the efficiency of the molecular
typing approaches, sets of bones and teeth were analyzed
with several typing approaches, including the nested-PCR
reaction using external primer sequences to some STRs,
mainly HUMTHO-1 and HUMFABP, and mtDNA
sequencing. Although the first approach produced repro-
ducible results in some samples, mtDNA sequencing
proved to be successful in all samples tested. Unfortu-
nately, at that time no sequence or genetic profile databases
were available for comparison, which would have led to
missing person identification (Corach et al., 1997).

22.8.2 Open Road Accidents

22.8.2.1 Bus Crash Accident

On January 9, 1993, two buses crashed, and one of them
caught fire. The accident caused 56 fatal victims and a total
of 80 injured passengers. The accident occurred on national
route 14 near Santo Tome in the Province of Corrientes,
Argentina. Two years later several people were still
missing, who had probably been victims of the multiple bus
crash. A DNA investigation was requested, for which a
combination of genetic markers, including autosomal
STRs, Y-STRs, and mtDNA HVRI and HVRII were
characterized. A set of 25 human fragmentary remains,
including badly burned bones and teeth, were analyzed,
along with the reference samples obtained from relatives.
Considering the quality of the analyzed remains, DNA
extraction and typing proved to be successful in 65% of the
cases (16 out of 25), including the missing son of one
couple. In this latter case, complete genotypes were ob-
tained with four autosomes, one X-STR, and nine Y-STRs.
The analytical strategy was focused on Y-STR haplotype
detection of the putative son with the haplotypes obtained
from the fragmentary remains. A premolar revealed the
same haplotype and also shared at least one autosomal
allele with both descendants and with the putative mother.
HVRI and HVRII confirmed the matrilineage origin since
the putative mother presented an identical mt haplotype.

22.8.2.2 Open Road Airplane Crash

On August 31, 1999, LAPA Flight 3142 from Buenos
Aires to the capital city of Cordoba, Argentina, crashed
near Jorge Newbery airport, shortly after takeoff. The crash
resulted in 65 fatalities, 40 survivors, and 17 seriously
injured passengers, which makes it one of the deadliest
accidents in the history of Argentine aviation. Due to hu-
man errors and technical failure, the aircraft retracted flaps
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during takeoff, and even though the aircraft had achieved
minimum takeoff speed, it continued beyond the ramp,
failing to get airborne, broke through the airport’s fence,
crossed a road, dragged with it an automobile, and finally
collided against road construction machinery. Gasoline
spilling over the hot engines caused ignition and the total
destruction of the aircraft.

A total of 38 human remains were received for DNA
typing, and the members of 13 family groups provided
reference samples. DNA was extracted from corpse mate-
rial in triplicate and also blindly analyzed in triplicate. The
analytical strategy focused on autosomal STR typing and
gender determination by using amelogenin. All detection
analyses were carried out with automated sequencers, and
13 autosomal STRs were typed with commercial kits, while
Y-STRs were analyzed with custom-made multiplexes us-
ing the minimal haplotype marker system (Kayser et al.,
1997). After identifying male samples by amelogenin
gender-associated dimorphism, patrilineage tracking was
conducted by Y-STR haplotyping of suitable reference
samples.

Nine remains were identified as belonging to in-
dividuals that were biological relatives of reference sam-
ples’ donors. Four of them did not correspond to any family
group. Unfortunately, bodies were prematurely returned to
relatives, and hence errors occurred, forcing a complete
retyping of exhumed bodies. This dramatic situation
underscored the remarkable value of DNA typing not only
for identifying remains and individuals but also for
ensuring the proper use of other conventionally employed
forensic identification practices, such as visual recognition,
personal belongings, odontology, and radiology, among
others.

22.8.3 Closed Accidents

22.8.3.1 In-Flight Airplane Explosion

On May 18, 2011, passenger flight 5428 of the Argentine
operating company Sol Airlines exploded at an altitude of
about 2000 m in Prahuaniyeu, Río Negro Province,
Argentina. The plane, a Saab 340A, was operating a do-
mestic flight from Presidente Perón International Airport,
Neuquén, to General Enrique Mosconi International
Airport, Comodoro Rivadavia, Chubut Province. The
aircraft came down 25 km southwest of the town of Los
Menucos, Río Negro. A report suggested that it was caused
by severe icing of the airframe. The black box was retrieved
2 days later near the disaster area. All 22 people aboard, 3
crew members and 19 passengers, were killed. Victims
were highly fragmented, and 418 specimens were recov-
ered for DNA typing.

Efficient corpse tissue preservation, automated DNA
extraction, sensitive DNA quantification, and expert

analysis software make it possible to design highly efficient
workflows that speed up the mass disaster victim identifi-
cation process from highly fragmented human bodies.

The victims’ identifications were based on genetic
profile comparisons between fragmentary remains and first-
degree relatives; no personal belongings were needed since
every victim was claimed by potential biological relatives.
Genetic profiles combined genotypes and haplotypes
obtained by autosomal and Y-STR analysis, respectively.
All bodies were severely fragmented, and a large number of
isolated cranial bones were found. Remains were collected
at the disaster area and sent to Buenos Aires where samples
were selected and preserved in 50-mL polypropylene tubes
containing solid sodium chloride (table salt). DNA extrac-
tions from muscle and bone were performed using a
semiautomated DNA purification system; quantification
was carried out by real-time PCR, STR amplification using
commercial kits, and STR profile analysis with the help of
expert software. The implementation of this strategy
allowed us to identify all the victims in one week. How-
ever, the complete task of identifying all remains recovered
within the disaster area took over 10 months due to the
wide dispersion of fragments and the court’s decision to
identify each morphologically recognizable human tissue
found within the disaster area (Corach et al., 2013).

22.9 FROM FORENSIC GENETICS TO
FORENSIC GENOMICS: THE CHANGE OF
A PARADIGM DRIVEN BY TECHNOLOGY

For over 20 years, autosomal fluorochrome-label STRs
were the gold standard for human identification purposes,
representing the most powerful tool for forensic
identification.

In addition to the subtle improvements introduced
within the analytical platforms, automated sequencers, the
most important modification introduced to the identification
toolbox, involved the number of polymorphic STRs
employed and the amplification efficiency due to improved
amplification cocktails, denoting higher sensitivity and
more resistance to the effects of inhibitors.

The 13 STRs included within CODIS launched in 1997
will be increased by the addition of seven markers. The
new 20 STR FBI CODIS core set will be fully implemented
on January 1, 2017. The increasing number of markers
represents the mandatory need to avoid the detection of
fortuitous matches resulting from the great number of
profiles hosted within the National DNA Index System.

The apparent technological stability of canonically
admitted markers contrasts with the new forensic tools
developed as a result of genomic research. In a compre-
hensive review, Kayser and de Knijff (2011) describe a
wide span of new analytical approaches that open

New Perspectives in Mass Disaster Victim Identification Chapter | 22 403



unexpected perspectives for forensic research. Many of the
new developments will effectively contribute to the indi-
vidual identification of fragmentary remains from disas-
trous situations that might occur in the future or that
occurred in the past, such as mass graves or collective
burial sites produced in the course of past violent conflicts.
The new tools include the identification potential of highly
degraded DNA (<100 bp-long templates) by SNP. More-
over, NGS platforms also offer the possibility of deter-
mining phenotypical traits from highly fragmented genetic
material. The opportunity for gathering information con-
cerning eye, hair, and skin color of the people whose
remains are being investigated might highly contribute to
the identification process, as shown in the identification of
King Richard III of England (King et al., 2014). The new
NGS platforms enable phenotypic and ancestral/geographic
prediction and allow for the genotyping of the canonical
STRs included in the intelligence databases developed
worldwide, most of them under CODIS principles. The
intrinsic usefulness of the STRs used since 1997 is now
available by sequencing rather than by analyzing the frag-
ment length of amplified alleles. Since the most informative
STRs used are either complex or compound, if we restrict
analysis to their fragment length, their informative content
diminishes. STRs exhibit a differential structural organi-
zation, and those used in forensic analysis are included in
four categories. Simple STRs show identical repeat units in
length and sequence; their informative content is identical if
analyzed by its length or by sequencing. Compound STRs
include two or more adjacent simple repeat motifs, whereas
complex STRs include several repeat blocks of variable
unit length as well as variable intervening sequences.
Finally, complex hypervariable STRs are challenging due
to their complex molecular structure, although one such
STR has been included in commercial kits (SE33). The
NGS platforms designed for forensic identification combine
canonical markers, increasing their informative content,
and provide additional valuable information that may be
relevant in disaster victim identification scenarios.

22.10 FUTURE PERSPECTIVES

Soon after the beginning of the new century, complex and
multitudinous terrorist-produced mass disasters occurred.
These challenging situations have forced forensic scientists
to optimize and update the identification approaches based
on DNA typing. The most dramatic terrorist attacks have
taken place in considerably recent times. The most relevant
ones are the September 11 suicide attacks on the Twin
Towers at the World Trade Center in New York City in
2001, which killed 2974 people; the terrorist attack
perpetrated against Atocha and other Madrid City railway
stations on March 11, 2004; and the bombing attack on
London’s public transport system on July 7, 2005, which

killed 55 people. In addition to these man-induced di-
sasters, there are those that were naturally produced, such
as the tsunami in Southeast Asia in December, 2004;
Hurricane Katrina in the United States in August, 2005;
Cyclone Nargis that hit Myanmar on May 3, 2008, an
extreme catastrophe causing over 80,000 fatalities; and the
destructive earthquake in China on May 15, 2008, whose
final death toll is 69,136 victims.

In concordance with the magnitude of these catastro-
phes that might require DNA-based identification ap-
proaches, multilaboratory facilities are needed.
Additionally, international organizations such as Interpol
have established detailed protocols for mass disaster
victim identification, and the International Commission on
Missing Persons may also provide advisory and technical
help for mass fatalities worldwide. High-throughput
platforms are efficiently powering a modern investiga-
tion of such disasters. Molecular diagnosis based on
DNA-typing approaches has undergone an intense
evolutionary process that might efficiently respond to the
intensely demanding victim identification needs imposed
by extreme mass catastrophes that unfortunately charac-
terize this age.
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Chapter 23

Preimplantation Genetic Diagnosis

M. De Rycke and C. Staessen
Universitair Ziekenhuis & Vrije Universiteit Brussel (VUB), Brussels, Belgium

23.1 INTRODUCTION

Preimplantation genetic diagnosis (PGD) is performed for
couples at a high risk of transmitting a known genetic
condition to their offspring. It is a well-established alter-
native to prenatal diagnosis, involving the biopsy and ge-
netic testing of a single or multiple cells from in vitro-
obtained oocytes and/or preimplantation embryos. As
only embryos shown to be unaffected for the genetic con-
dition under study are selected for transfer to the patient’s
uterus, PGD offers the advantages of circumventing an
invasive prenatal diagnosis and therapeutic abortion. PGD
requires an in vitro fertilization (IVF) treatment; this
treatment with additional risks and costs may be considered
to be a burden for fertile couples. Couples at risk of
transmitting a genetic condition and concurrently suffering
from infertility may more easily combine IVF and PGD.

The technology applied in preimplantation genetic
screening (PGS) or aneuploidy screening is similar to PGD,
but the objective is different. PGS involves the selection of
euploid embryos to improve IVF results and to reduce the
chance of pregnancies with chromosomal abnormalities
(Verlinsky and Kuliev, 1996). It has been well established
that human embryos carry chromosomal abnormalities in
high proportions. Taking this fact together with an
increased aneuploidy risk at advanced maternal age and the
findings of high aneuploidy rates in spontaneous abortions,
PGS has been offered to specific IVF patient groups with an
increased risk for embryos with chromosomal abnormal-
ities, most commonly patients of advanced maternal age
and patients with recurrent IVF failure or repeated mis-
carriages (not due to translocations).

PGS is still widely applied, despite the controversy
about whether it is clinically useful or not. Several ran-
domized controlled trials failed to show a benefit for PGS
using fluorescent in situ hybridization (FISH) for 5 to 12
chromosomes and cleavage-stage biopsy (Checa et al.,

2009). The European Society of Human Reproduction and
Embryology (ESHRE) PGD consortium issued a position
statement about this in 2010 and recommended that
alternative approaches should be evaluated, that is, alter-
native stages at which to biopsy and carry out genetic
analysis as well as alternative, genome-wide methods for
the analysis (Harper et al., 2010). PGD centers have
adapted their methods since then, but the routine clinical
implementation still awaits reliable data from prospective
clinical trials. As PGS is offered to (sub)fertile couples not
carrying a genetic disease, it will not be further discussed
in this chapter.

PGD developed in the wake of human IVF and poly-
merase chain reaction (PCR) technology. The first report on
children born after the invention of PGD was by Handyside
et al. in 1990, describing the use of PCR for the detection of
repetitive Y-sequences for gender determination in families
with X-linked diseases. Later, FISH was adapted to single
cell interphase nuclei, and it became the standard method
for sexing in X-linked diseases as well as for inherited
chromosomal aberrations. Single cell PCR has been the
method of choice for the detection of single gene defects or
monogenic disorders (dominant or recessive, autosomal, or
X-linked). The gold standard methods of FISH and PCR
are being replaced by whole-genome amplification (WGA)
and genome-wide technologies.

PGD involves a multidisciplinary team of professionals
in IVF, genetics, ethics, and psychology. A close collabo-
ration is required between the IVF unit and a genetic
diagnosis unit, specialized in genetic analysis for PGD.
Both units may be physically and organizationally within
the same institute. Alternatively, transport PGD is carried
out, which involves the biopsy of embryo samples in a
satellite IVF unit followed by transportation, often over a
long distance, to the genetic diagnosis unit.

Guidelines for best practices have been drawn up by the
Preimplantation Genetic Diagnosis International Society
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(Preimplantation Genetic Diagnosis International Society
(PGDIS), 2008). In addition, four extensive guidelines on
different aspects of PGD (organization of a PGD center,
FISH-based testing, amplification-based testing, and bi-
opsy) were established by the ESHRE PGD Consortium
(Harton et al., 2011aed).

23.2 ASSISTED REPRODUCTIVE
TECHNOLOGY AND BIOPSY

23.2.1 In Vitro Fertilization

Assisted reproductive technology (ART) is an intrinsic
part of PGD. With the exception of the procedure for
oocyte/zygote or embryo biopsy, ART within PGD is
essentially the same as for infertility treatment, irre-
spective of whether the couple is fertile or not. Controlled
ovarian hyperstimulation supports the production of
multiple mature oocytes to create sufficient zygotes/em-
bryos and increase the chance of identifying embryos with
the desired genetic status. All cumulus cells should be
removed from the aspirated oocytes. Furthermore, fertil-
ization should be through intracytoplasmic sperm injec-
tion rather than regular IVF. Remaining cumulus or
residual sperm cells adhering to the zona pellucida (ZP)
may lead to contamination when DNA amplification is
used for diagnosis.

The biopsy procedure involving the perforation of
the ZP followed by removal of one or several cells for
genetic analysis can be carried out at different devel-
opmental stages (see Sections 23.2.2e23.2.4). The ZP
opening is achieved mechanically, by cutting through
the ZP with a microneedle; chemically, by dissolving
part of the ZP with acidic Tyrode’s solution; or, in the
majority of cases, through modulating a laser beam via
the optical system of a microscope. Cell removal is then
carried out by extrusion or aspiration (De Vos and Van
Steirteghem, 2001; Xu and Montag, 2012). After bi-
opsy, cells are washed and either fixed on a slide for
FISH analysis or collected in small tubes for subsequent
amplification-based testing.

23.2.2 Polar Body Biopsy

Polar bodies (PBs) are produced in the first and second
meiotic division as oocytes complete maturation upon
fertilization. PB analysis represents an indirect method in
which the genotype or chromosomal constitution of the
oocyte is derived from the complement present in the PBs.
An accurate diagnosis should be based on an analysis of
both the first and second PBs to preclude a misdiagnosis,
which may arise from recombination or allele dropout
(ADO) (monogenic diseases) or by nondisjunction or
meiotic errors (chromosomal analysis). The doubling of the

total sample number together with the fact that some oo-
cytes fail to fertilize or form embryos may be regarded as a
waste of time and resources unless the PB samples can be
stored, and only those corresponding with normal embryo
development are ultimately processed.

For PB biopsy, the ZP is breached using either me-
chanical slitting with a fine needle or laser technology, as
the acidic Tyrode’s solution may adversely affect subse-
quent oocyte development. Although both PBs may be
biopsied simultaneously (requiring only one manipulation),
it may be difficult to differentiate them morphologically,
and sequential biopsy has been recommended to ensure a
correct PB identification (Treff et al., 2012).

The advantages of PB biopsy are self-evident: as PBs
do not contribute to normal fertilization or embryonic
development, their removal has no detrimental effects. In
countries where genetic testing should be finished before
syngamy, PB biopsy is the only legal option, but it leaves
very little time to complete diagnosis. Conversely, if legal
restrictions or ethics are not an issue, more time is
available for analysis compared with a cleavage-stage
biopsy. The most important limitation of PB biopsy is
that only the maternal genetic contribution can be
evaluated.

23.2.3 Cleavage-Stage Biopsy

Cleavage-stage biopsy has been used in the majority of
PGD cycles during the last couple of decades. One or two
blastomeres are biopsied on the morning of day 3, when
the embryo is normally at the six- to eight-cell stage. It is
assumed that all cells are still totipotent, and compaction
has not yet occurred. In the event that compaction has
started, a brief exposure of the embryos to Ca2þ/Mg2þ-
free media will reduce the adherence between cells,
facilitating blastomere removal. Mechanical, chemical
means, and laser are all suitable for zona breaching when
performing cleavage-stage biopsy (Harton et al., 2011d;
Xu and Montag, 2012). PGD may be based on the analysis
of either one or two biopsied blastomeres from a single
embryo. The impact of the removal of one or two cells on
further embryonic development and implantation potential
is highly debated. De Vos and coworkers showed that a
two-blastomere removal at the cleavage stage harms em-
bryonic development more than the removal of only one
blastomere. Within their prospective cohort of single
embryo transfers they also demonstrated that the live birth
rate after a one-cell removal from eight-cell embryos
(37%) was similar to the rate of a control intracytoplasmic
sperm injection (ICSI) group without biopsy (35%) but
significantly higher than the rate of the two-cell biopsy
study group (22%) (De Vos et al., 2009). Another paired
clinical trial showed that implantation rates of 50% in the
nonbiopsied group were diminished to 30% in the
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cleavage-stage biopsied group, while for the nonbiopsied
versus blastocyst-biopsied groups similar implantation
rates were obtained (Scott et al., 2013). Therefore the
removal of a single blastomere at the cleavage stage is
recommended, provided that an accurate and reliable
single cell test is available.

The major disadvantage of cleavage-stage biopsy is the
limited amount of DNA present in a single blastomere for
analysis. In addition, high rates of mosaicism are observed
in embryos at this early stage of development, although for
monogenic disorders, errors attributed to false positive or
false negative results may be minimized by applying
appropriate diagnostic strategies and interpretation of re-
sults. The clear advantages of cleavage-stage biopsy are
that genetic diseases of both paternal and maternal origin
can be detected and that it leaves sufficient time for analysis
before transfer on day 5. The transfer procedure was orig-
inally carried out on day 3 or day 4, but the change to
sequential embryo culture media has allowed for an
extended embryo culture and the transfer of only those
embryos reaching the blastocyst stage (Gardner and Lane,
1998). Fig. 23.1 shows an image of a cleavage-stage and a
blastocyst biopsy.

23.2.4 Blastocyst Biopsy

The blastocyst is the highest degree of development that an
embryo can reach in vitro. It develops about 5e6 days
postinsemination and it is characterized by cells from the
inner cell mass (ICM), the outer trophectoderm (TE) cell
layer, and the blastocoel, which is a cavity filled with fluid
containing high concentrations of lactate and specific
amino acids and lower concentrations of glucose and
pyruvate.

The feasibility of TE biopsy was first shown by Dokras
et al. (1990), and the first successful clinical applications
for PGD were reported in 2005 (McArthur et al., 2005).
Zona breaching may be performed by mechanical means or
by laser in the TE region opposite from the ICM, and
herniating TE cells are cut from the embryo on day 5 or
day 6. TE biopsies typically contain about five cells, which
is an advantage as this will improve diagnostic accuracy.
As the ICM from which the embryo proper will develop is
kept intact, TE biopsy is considered to be a safer option
than cleavage-stage biopsy. Data suggest that TE biopsy
has no adverse impact on embryonic developmental
competence (Scott et al., 2013), and comparison even
suggests that TE biopsy may yield higher implantation and
live birth rates than cleavage-stage biopsy. The biological
phenomenon of chromosomal mosaicism is also present at
this developmental stage, and it may distort overall
concordance between biopsied samples and embryos per
se, but several reports indicate that the mosaicism level at
the blastocyst stage is lower than at the cleavage stage. The

problem of a limited time for analysis in the case of fresh
embryo transfer (ET) at day 5/6 can be overcome by
cryopreservation (relying on efficient vitrification and
thaw-survival protocols) and ET in a deferred cycle. The
decision to opt for this latter strategy enables a more effi-
cient and cost-effective laboratory organization, as the
larger time windows make it possible to pool and coprocess
samples of multiple patients. Moreover, there is at present
sufficient evidence demonstrating that the deferred transfer
to a “nonstimulated” cycle has its advantages in terms of
implantation, ongoing pregnancy rates, and a lower risk of
genetic and epigenetic alterations (Roque et al., 2013).
Fig. 23.2 represents an overview of a PGD cycle with bi-
opsy on day 3 (A) or biopsy on day 5/6 (B).

As an alternative for TE cells, studies investigated the
use of DNA isolated from the blastocoel fluid (BF), which
was aspirated from expanded blastocysts with a micropi-
pette. So far, a few small and two larger studies with
contradictory outcomes have been published; one study
found a high karyotype concordance between BF and TE
(Gianaroli et al., 2014), but a second study showing a

FIGURE 23.1 Cleavage stage (A) and blastocyst (B) biopsy. The em-
bryo is held in a fixed position with a holding pipette (left), and a smaller
biopsy pipette is used to remove cells through an opening in the zona
pellucida, which was created with laser pulses. One or two nucleated
blastomeres are removed on day 3, whereas on day 5 a small group of cells
is taken from the trophectoderm layer of the blastocyst.
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discordant karyotype between BF and ICMeTE in 52% of
embryos questions whether BF biopsies are truly repre-
senting the embryo. The high aneuploidy level within BF
from euploid blastocysts in the latter study suggests a
correction mechanism with a clearance of aneuploid cells
into the blastocoel that may underlie the gradual decreased
ratio of aneuploid cells from the cleavage stage to blasto-
cyst (Tobler et al., 2015). The concept of BF samples for
genetic testing in PGD/PGS requires further exploration
before clinical application.

23.3 PREIMPLANTATION GENETIC
DIAGNOSIS FOR MONOGENIC
DISORDERS

23.3.1 Indications

PGD was initially applied for the same indications as
prenatal diagnosis. PGD has also been applied for in-
dications for which prenatal diagnosis is ethically difficult,
such as cancer predisposition syndromes and other

late-onset diseases (Woodson et al., 2014; Derks-Smeets
et al., 2014).

Not surprisingly, most PGD cycles have been reported
for the more frequently occurring disorders: cystic fibrosis,
spinal muscular atrophy and beta-hemoglobinopathies for
autosomal recessive disorders, myotonic dystrophy type 1,
neurofibromatosis, and Huntington’s disease for the auto-
somal dominant disorders (Harper et al., 2012). For the
X-linked disorders, PGD is mainly carried out for Du-
chenne’s muscular dystrophy, hemophilia, and fragile X
syndrome. The advantages of specific DNA diagnosis over
sexing for X-linked disorders are 2-fold: healthy male
embryos are not discarded, and female carrier embryos can
be identified and possibly used for transfer, according to the
patient’s wishes and the center’s policy.

A special indication is Human Leukocyte Antigen
(HLA) typing of preimplantation embryos to select an
embryo that is HLA compatible with an affected sibling. At
birth, hematopoietic stem cells from the cord blood of the
savior baby are then used to transplant the sick sibling.
HLA typing alone is carried out for acquired diseases, such

FIGURE 23.2 Scheme for a preimplantation genetic diagnosis cycle with a biopsy on day 3 (A) versus a preimplantation genetic diagnosis cycle with a
biopsy on day 5/6 (B). In both schemes, oocyte collection and intracytoplasmic sperm injection (ICSI) are carried out on day 0. On average, 70e80% of
the injected oocytes are normally fertilized. On day 3, 50e60% of the embryos are suitable for cleavage-stage biopsy, whereas on day 5/6 40e50% of the
embryos are suitable for blastocyst biopsy. On day 3, one or two cells are biopsied and genetically tested; the results are available in time to allow for a
fresh embryo transfer on day 5. Embryos without a diagnosis and affected embryos are not eligible for transfer. Genetically transferable embryos of a good
morphological quality can be transferred; the number of embryos depends on several factors (female age, rank of trial). Supernumerary embryos are
cryopreserved. On day 5/6, 5e10 cells are biopsied and genetically tested; the time window is too short, and all embryos are cryopreserved while the
genetic testing is pending. The genetically transferable embryos are transferred in a later, nonstimulated cycle.

410 Molecular Diagnostics



as leukemias and anemias, or it can be combined with the
detection of mutations underlying immunodeficiencies and
hemoglobinopathies (Kuliev et al., 2005; Tur-Kaspa and
Jeelani, 2015; Kakourou et al., 2014).

Although PGD is available for numerous nuclear mono-
genic disorders, it has rarely been used to test for mitochon-
drial (mt) DNA mutations (Bredenoord et al., 2008, 2009;
Smeets et al., 2015). It is another ethically difficult indication,
as PGD for mtDNA mutations reduces the risk for an affected
child rather than eliminating it. Moreover, PGD can only
reliably be offered in cases where the mtDNA mutation load
closely relates with the disease severity and does not vary over
time. Another criterion is a constant mutation load in all
embryonic cells to ensure that results from a single cell bio-
psied will be predictive for the entire embryo.

In principle, any monogenic disease for which the
chromosomal locus is unequivocally identified can be
diagnosed with PGD. Molecular genetic reports stating the
disease-causing mutation or at least the disease-associated
phase within the family are mandatory at the intake of a
PGD request, as this information will largely determine the
strategy for genetic testing. Amplification methods are
required to increase the limited amount of available
genomic DNA (gDNA) in the embryonic samples. Targeted
PCR amplification of the disease-associated locus has been
applied since the start of PGD, whereas WGA methods
were introduced more recently. Amplification is carried out
following embryo biopsy: the single or multiple biopsied
cells are washed, transferred to reaction tubes, and lysed.
Amplification reaction components are then added directly
to the lysed cell(s) without prior DNA purification. The
methods for genetic testing have been continuously refined,
and this has led to high levels of efficiency and accuracy.
However, the amplification of a single or a few cells re-
mains technically challenging because of the small amount
of nonpurified DNA at the start and the inherent pitfalls of
contamination, preferential amplification, and ADO, which
may lead to misdiagnosis. As a high number of amplifi-
cation cycles are applied to increase the low amount of
DNA, contamination with extraneous DNA or carryover
from previous amplification reactions is a major problem.
High working standards and rigorous prevention measures
should be adapted to prevent and control for contamination.
ADO is defined as the random amplification failure of one
of two alleles in a heterozygous cell sample, while in
preferential amplification, one allele is less amplified than
the other. Both are related problems because an under-
amplified allele can drop out when detection methods of
low sensitivity are used. The use of optimized cell lysis and
DNA amplification conditions along with sensitive detec-
tion systems should reduce ADO to a minimum. Contam-
ination and ADO measures have been described in the
ESHRE PGD Consortium best practice guidelines for
amplification-based PGD (Harton et al., 2011c).

23.3.2 Targeted Polymerase Chain
Reaction-Based Amplification

Fluorescent multiplex PCR has been the gold standard in PGD
formonogenic diseases for a long time.Themethod refers to the
coamplification of several target sequences in one PCR reac-
tion, using primer pairs in which one primer is fluorescently
labeled, allowing for the subsequent sizing of PCR fragments
on an automated sequencer or genome analyzer. In direct
testing, the detection of the specific mutation(s) is combined
with the amplification of multiple short tandem repeat (STR)
markers, while in indirect or linkage-based testing only STR
markers are coamplified (Laurie et al., 2010). The accuracy of
the test is increased by using these closely linked markers, as
they not only allow for indirectmutation detection, but they also
allow for the detection of ADO, contamination, and recombi-
nation. The main advantage of linkage-based testing over
mutation-specific testing is that the tests are mutation-
independent, which makes them useful for several couples
because of the polymorphic nature of the STR markers. This
saves time, resources, and manpower in pre-PGD workups,
especially in the case of diseases for which many private mu-
tations have been identified. Whether the mutation amplicon is
incorporated in the single cell test depends on multiple factors,
including the nature of the mutation (familial or de novo), the
mutation frequency, the availability of relevant family DNA
samples, and themutation type. The direct detection of complex
and/or larger gene rearrangements is often not feasible, as single
cell PCR fragments usually remain below 500 bp. The deletion
or duplication mutations of a few nucleotides can be detected
directly via fragment length differences, but single nucleotide
changes can only be identified in post-PCR reactions. Over the
years, different strategies of PCR and allele discrimination have
been developed for single nucleotide mutation detection. The
most important ones are the amplification refractory mutation
system (Kokkali et al., 2007), endonuclease restriction (Moutou
et al., 2007), minisequencing (Spits et al., 2006a), and quanti-
tative real-time PCR (Bermudez et al., 2003). Examples of pre-
PGDworkup results (A) and PGD results (B) carried out via an
indirect targeted multiplex PCR are shown in Fig. 23.3.

The initial step during the development of a single cell
multiplex PCR test involves the in silico selection of STR
markers, relying on public databases (University of California
Santa Cruz, National Center for Biotechnology Information,
Ensembl), followed by a primer design through software tools
such as Primer3 together with the Basic Local Alignment
SearchTool andSNPCheck searches to ensure the specificity of
STR and mutation amplicons. Subsequently, STR marker
genotyping is performed on DNA samples of the couple and
family members with a known genetic status to identify infor-
mativemarkers and to establishwhich alleles of the informative
markers segregatewith themutation. Ideally, a robust single cell
multiplex PCR contains two to four informative markers
located in both the upstream and downstream 1-Mb flanking
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region of the mutation site. Primer sets are first tested and
multiplexed on gDNA with the adaptation of reaction compo-
nents and conditions before further fine-tuning at the single cell
level. The optimized single cell protocol is then validated on a
series of single cells and corresponding blanks, and only pro-
tocols yielding high-amplification efficiencies (preferably
above 95%) and low contamination and ADO rates (both
preferablybelow5%)are accepted for clinical PGDapplication.
Single or multiple lymphocytes, lymphoblasts, fibroblasts, or
buccal cells are used as cell models to mimic either single
blastomere or TE cell samples. As this process of single cell test
adaptation andvalidation has to be repeated for every newDNA
locus, it represents a major bottleneck for targeted PCR-based
methods.

The method of PCR-based haplotyping with prior single
cell WGA followed by standard PCR reactions of a multitude
of STRs flanking the mutation site is a more generic method
than targeted single cell PCR because adaptation/validation of
PCR reactions to the single cell level can be omitted from the
workup (Renwick et al., 2010).

23.3.3 Whole-Genome Amplification

WGA has been introduced as a universal step prior to kar-
yotyping or genotyping to overcome the problem of the minute
quantity of gDNA available for preimplantation testing and the
long optimization time for the development of targeted PCR-
based tests. The aim of WGA is to amplify the entire genome
of single (or a few) cells up to several micrograms, which is
sufficient for several standard downstream applications. The
first WGA methods were PCR-based and suffered from
incomplete genome coverage and amplification bias. The use of
Taq DNA polymerase yielded an average fragment length of
400e500 bp (with a maximum size of 3 kb) and introduced
many DNA sequence errors.

The multiple displacement amplification (MDA)
method relying on isothermal strand displacement ampli-
fication has been widely used in single cell applications
(Coskun and Alsmadi, 2007). In an MDA reaction, random
exonuclease-resistant primers anneal to the denatured target
DNA, and a DNA polymerase with strandedisplacement

FIGURE 23.3 Single cell targeted multiplex polymerase chain reaction informativity results (A) and embryo results (B) for a couple at risk for
autosomal dominant Charcot-Marie-Tooth disease type 1A, caused by a duplication encompassing the PMP22 gene. During the pre-preimplantation
genetic diagnosis (PGD) workup, six short tandem repeat (STR) markers located in the duplication and flanking PMP22 were tested on genomic
DNA samples of the affected female and male partner; five STR markers were informative. Haplotypes for the affected female were determined using
genomic DNA samples of her affected mother and unaffected father (phasing of some STR alleles, for instance, PMP22str23AC, was only finalized after
the first PGD cycle). Haplotypes of the male were determined in the first PGD cycle. During the clinical cycle one cell was biopsied on day 3. Results of
the PGD cycle (B) showed five unaffected and three affected embryos.
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activity such as Phi29 elongates the primers in an
isothermal reaction at 30�C. Additional priming events can
occur on each displaced strand, leading to a network of
branched DNA strands up to 10 kb. Because of the proof-
reading activity of the Phi29 polymerase, the error rate of
MDA-based WGA is much lower compared with Taq DNA
polymerase-based methods. A main disadvantage of MDA
is the high rate of ADO and preferential amplification (25%
on average) (Spits et al., 2006b).

A new generation of WGA methods combines MDA
and PCR amplification. The SurePlex protocol (marketed as
PicoPlex by Rubicon Genomics) initiates with DNA frag-
mentation and a preamplification MDA reaction using
hybrid primers, followed by PCR (Langmore, 2002). The
Multiple Annealing and Looping-Based Amplification
Cycles (MALBAC) method uses specific primers that
contain a common 27-nucleotide sequence and eight vari-
able nucleotides for random annealing (Zong et al., 2012).
The initial five MDA-based cycles generate hairpin
amplicons because of the complementary ends of the
MALBAC primers, precluding the use of these amplicons
as a template in subsequent cycles and promoting the
amplification of only original gDNA. The hairpin ampli-
cons are subsequently amplified exponentially through
PCR using primers complementary to the common region
of the MALBAC primers.

None of the WGA methods produces a true linear
representation of the single cell genome, and the results
vary in ADO, preferential amplification rate, coverage, and
nucleotide copy errors. As a consequence, a specific WGA
method is chosen in the function of the downstream
application: SurePlex is the method of choice for the
detection of chromosomal copy numbers with array-
comparative genomic hybridization (CGH) or next-
generation sequencing (NGS) because of reduced amplifi-
cation bias, and MDA is preferred for genotyping appli-
cations of PCR-based haplotyping or single nucleotide
polymorphism (SNP) arrays in the case of monogenic
disorders because of its better genome coverage and low
error rates (Handyside et al., 2004; Deleye et al., 2015; de
Bourcy et al., 2014).

23.4 PREIMPLANTATION GENETIC
DIAGNOSIS FOR CHROMOSOMAL
ABERRATIONS

23.4.1 Indications

It is estimated that 1 in 625 (0.16%) individuals carries a
balanced chromosomal rearrangement, with translocation
(reciprocal or Robertsonian) and inversions as the most
frequent. Reciprocal translocations are structural chromo-
somal aberrations that result from the breakage of nonho-
mologous chromosomes. The broken segments are
exchanged, forming derivative chromosomes. In most cases
the translocation takes place between two nonhomologous

chromosomes, but more complex rearrangements involving
more chromosomes also occur. An enormous number of
reciprocal translocations have been described, with break-
points scattered throughout all chromosomal regions. With
few exceptions, the majority of reciprocal translocations are
family-specific. Robertsonian translocations originate
through centric fusion of the long arms of any two of the
five acrocentric chromosomes (De Vos et al., 2009; Scott
et al., 2013; Gardner and Lane, 1998; Woodson et al.,
2014; Derks-Smeets et al., 2014), with loss of the short
arms. An inversion is a two-break event involving just one
chromosome. The segment between the breaks is inverted
and reinserted, and the breaks reunite.

Carriers of confirmed balanced chromosomal rear-
rangement are phenotypically normal. The production of
unbalanced gametes, due to unfavorable meiotic segrega-
tion when the derivative chromosomes pair up at meiosis I,
puts them at risk for repeated miscarriages, sub-or infer-
tility, and unbalanced offspring. This explains why the
incidence of balanced chromosomal rearrangement rises to
about 3% in couples with reproductive problems. The
theoretical chance of producing normal or balanced gam-
etes is 4 out of 32 for reciprocal translocation carriers and 4
out of 16 for Robertsonian translocation carriers. However,
the actual percentage depends on several factors, including
the chromosomes involved, the location of the breakpoints,
and the gender of the carrier. For carriers of an inversion,
the chromosomal imbalance occurs if there is, within the
inverted segment, a crossover at the first meiotic division
between the inversion chromosome and the normal ho-
molog, resulting in a recombinant chromosome, which may
produce four different segregates.

23.4.2 Fluorescence In Situ Hybridization-
Based Analysis

FISH (see also Chapter 14) utilizes chromosome-specific
DNA probes labeled with different fluorochromes that are
hybridized to the target DNA (interphase or metaphase)
fixed to a microscopic slide. Microscopic evaluation and
computerized imaging systems enable fluorescent probe
signals to be identified and counted. As a result, FISH
detects a chromosome or a part of a chromosome, thereby
allowing for the determination of the copy number of that
region in a particular sample.

Initial applications using FISH for diagnosing chro-
mosomal translocations involved painting probes for
metaphase chromosomes of PBs. A major shortcoming of
this method was that only translocations of the female
could be examined. Subsequently, homemade probes,
isolated from cosmid (artificial plasmids containing the
cos sequences of lambda phage), yeast artificial chromo-
some, or bacterial artificial chromosome (BAC) libraries,
spanning or flanking the translocation breakpoints were
applied on the interphase nucleus of a blastomere from
cleavage-stage embryos. These probes gave very accurate
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results because they distinguished between normal and
balanced genotypes, but they were very time-consuming
to isolate (Munné et al., 2000).

The commercial availability of centromeric and sub-
telomeric probes opened completely new perspectives for
PGD for translocation carriers. PGD for Robertsonian
translocations is relatively simple and involves a dual-color
FISH with a single probe for each chromosome, with the
exception of chromosomes 13 and 21 for which two probes
per chromosome have been recommended, yielding a
three-color FISH. The situation is more complex for
reciprocal translocations. Ideally the protocol should
include a probe for both centric segments and both sub-
telomeric regions of the translocated segments. In this case
two scoring errors would be required to misdiagnose an
unbalanced product as normal/balanced. However, four
suitable probes may not be available. Most centers per-
forming PGD for reciprocal translocations use a combi-
nation of two subtelomeric probes distal to the breakpoint,
along with a centromeric probe for one of the two chro-
mosomes involved to support the distinction between
normal/balanced genotypes and unbalanced genotypes
(Scriven et al., 1998).

Carriers of reciprocal translocations and inversions
usually have unique rearrangements, necessitating the
development, preclinical testing, and optimization of indi-
vidualized probe mixtures for each couple. The limited
number of distinct fluorochromes available for labeling
DNA probes restricts the number of chromosomes that can
be assessed in a single analysis, although PGD for struc-
tural chromosomal abnormalities usually interrogates only
the chromosomes involved in the translocation. Single cell
FISH is technically difficult; the initial step of cell fixation
is critical and requires skill and experience. Probes may fail
to hybridize, and the accuracy of interpretation can be
affected by signal overlap or split signals.

23.4.3 Polymerase Chain Reaction-Based
Analysis

PCR-based protocols, which utilize informative STR markers
on both segments (flanking the breakpoint) of the translocated
chromosomes, have also been applied in PGD for trans-
locations (Fiorentino et al., 2010). Similar to the FISH-based
testing, the assessment is targeted, and the analysis is usually
limited to the chromosomes involved in the translocation.
PCR-based protocols overcome several inherent limitations of
FISH-based tests, as they are not dependent on cell fixation
nor on microscopic signal interpretation. Moreover, the in-
heritance of individual chromosomes can be assessed and
allows for the detection of uniparental disomy. Again, workup
is necessary prior to any clinical case in order to identify
informative STR markers.

23.4.4 Comparative Genomic
Hybridization and Array-Comparative
Genomic Hybridization-Based Analysis

The technology for chromosome analysis in PGD has
shifted toward methods allowing for the analysis of all 24
chromosomes. The first clinically applied method was CGH
(see also Chapter 14). This method employs a competitive
hybridization of differentially labeled DNA samples (a test
sample DNA with green fluorochrome and a chromoso-
mally normal reference DNA with red fluorochrome) to
normal metaphase chromosomes on a microscopic slide.
The ratio of green versus red fluorescence along the length
of each chromosome is evaluated with image-processing
software, revealing the relative number of chromosome
copies in the test sample compared with the reference. An
excess of green fluorescence on a specific chromosome is
indicative of a chromosomal gain, whereas an excess of red
fluorescence is indicative of chromosome loss. WGA (see
Section 23.3.3) is an obligatory step in the adaptation of
CGH to the single cell level. The obvious advantage of
CGH over FISH is that the copy number of all 24 chro-
mosomes can be determined. In addition, CGH provides a
more detailed picture of the entire length of each chromo-
some, enabling the detection of imbalanced chromosomal
segments. CGH was successfully applied in PGD cycles for
aneuploidy screening (Wilton et al., 2001) and a shortened
protocol (12 h instead of 2e3 days) in PGD for trans-
locations (Rius et al., 2011). Nevertheless, the difficult
interpretation of results and low resolution of 10e20 Mb
(Malmgren et al., 2002) have hampered the widespread use
of CGH in PGD, and the method has largely been replaced
by array-CGH.

Array-CGH is based on the same principle as CGH, but
the metaphase spreads on the microscope slide have been
replaced with genomic clones or DNA probes (microarray).
Each probe is specific to a different chromosomal region
and occupies a discrete spot on the slide. An analysis is
performed by scanning and imaging the array and
measuring the intensity of both hybridization signals rela-
tive to each probe (the logR ratio). Similar to CGH, an
amplification step is required to increase the initial DNA
quantity from a single or few biopsied cells. As array-CGH
has a lower hybridization time than CGH it can be per-
formed within the time frame of a PGD cycle with a fresh
blastocyst transfer. Other advantages over CGH are the
higher resolution and automation.

Different types of single cells, including PB, blasto-
meres, and TE cells, have been successfully tested for
chromosome imbalances such as aneuploidies, unbalanced
translocations, deletions, and duplications using array-CGH
on different platforms. The platform most commonly used
(24sure, Illumina, San Diego, CA, USA) contains about
3000 DNA fragments of 100e200 kb derived from loci
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1 Mb apart across the genome, cloned in BAC; this so-
called BAC array yields a resolution of about 20 Mb. A
higher resolution array with an increased number of clones,
particularly in the telomeres of each chromosome, is
available (24sureþ, Illumina, San Diego, CA, USA) for the
detection of chromosomal imbalances in embryos of
translocation carriers involving segments of about
5e10 Mb. A paired comparison between array-CGH and
PCR-based testing on 200 embryos from translocation
carriers was performed as a validation study of the high-
resolution 24sure þ BAC array. A high percentage of
embryos (93%) were successfully diagnosed with array-
CGH, and the study demonstrated that array-CGH anal-
ysis can identify segmental aneusomies as small as 2.5 Mb
(Fiorentino et al., 2011). Apart from errors directly related
to the chromosomes involved in the translocation, it has
been postulated that the segregation patterns could have an
influence on meiotic synapsis and the disjunction of other
bivalents, causing aneuploidy in chromosomes not
involved in the translocation. The existence of this so-
called interchromosomal effect is controversial, and con-
flicting results have been reported in the literature (Gia-
naroli et al., 2002). Apart from the detection of specific
chromosome imbalances in embryos from translocation
carriers, array-CGH offers the benefit of concurrent aneu-
ploidy screening for all 24 chromosomes, making it
possible to study possible interchromosomal effects or
other postzygotic chromosome errors.

Array-CGH provides a generic platform, avoiding the
need to develop locus- and family-specific tests. The vast
majority of balanced translocations may be reliably diag-
nosed by microarray. This applies to all Robertsonian
translocations and the substantial majority of reciprocal
translocations.

23.5 EMERGING TECHNOLOGIES

Various genome-wide platforms have become available for
PGD: array-CGH, SNP array, and NGS (see also Chapters
14, 18, 19). These technologies all require WGA prior to
application, and the final data interpretation has to take into
account bias and artifacts introduced from WGA. Artifacts
from the cell cycle phase should also be considered. It has
been shown that the accuracy of chromosomal imbalances
detected by BAC array-CGH is reduced for single S-phase
cells (Dimitriadou et al., 2014). An analysis of TE samples
with cells in different cell cycle stages may overcome this
problem, while the WGA representation bias may be
partially filtered out by computational algorithms but
cannot be completely eliminated.

The different genome-wide platforms vary in resolu-
tion and the type of information they provide. Array-CGH
can reveal chromosome imbalances, but polyploidies,
balanced translocations, or inversions will not be detected.

In contrast, SNP arrays, which enable chromosomal
constitution evaluation in addition to genotyping, can
detect copy neutral loss of heterozygosity or uniparental
disomy. A limitation of SNP array is that de novo mu-
tations cannot be detected, making the method unsuitable
in the case of monogenic disorders, which frequently
involve de novo mutations. NGS technologies have
emerged; they offer simultaneously genotype and chro-
mosome copy number data with increased accuracy, reli-
ability, and resolution, presenting a universal platform for
the evaluation of monogenic disorders (including the
detection of de novo mutations), aneuploidy screening,
and intra- and interchromosomal unbalanced structural
variants.

SNP arrays are high-density oligo arrays containing up
to several million probes of smaller length, which allow
for the genotyping of hundreds of thousands of selected
SNPs across all chromosomes in a single reaction. SNPs
are mostly biallelic; the most common allele is indicated
as A, and the less common allele is indicated as B. The
commercially available SNP arrays use different chemis-
tries for SNP genotyping. One method, for instance, is
based on multiple SNP allele-specific probes to which
fragmented and labeled test DNA will hybridize. Another
method relies on SNP locus-specific probes that end one
nucleotide before the SNP and to which fragmented test
DNA hybridizes, and probes undergo single base exten-
sion reactions with differently labeled nucleotides
(LaFramboise, 2009). The arrays are scanned, and SNP
genotypes are called based on the ratio of hybridization
intensities for A and B (allele frequencies) (e.g., AB is
called in the case of similar intensities of an intermediate
level). SNP array analysis is more detailed, as genotype
calls are combined with copy number data. Two measures
provide information about the copy number state: the logR
ratio (the log2 transformed value of the normalized in-
tensity of the SNP) and the B allele frequency (BAF,
which is the signal intensity of the B allele over the total
signal intensity for an SNP). BAF values of 0, 0.5, and 1
represent a normal copy number (n ¼ 2), but aberrations
will cause a decrease or increase of the total intensity and
allele frequencies. SNP arrays at the level of a single cell
yield a lot of noise because of WGA pitfalls and therefore
demand particularly well-developed algorithms for data
interpretation. Different SNP genotyping and different
SNP copy number typing algorithms are available. Han-
dyside and coworkers developed karyomapping, a family-
based computational phasing approach for the recon-
struction of haplotypes of SNPs flanking mutations
(Handyside et al., 2010; Natesan et al., 2014). Kar-
yomapping uses discrete diploid SNP calls (assuming AA,
BB, AB, or No call as possible states for each SNP)
together with basic Mendelian laws and requires a close
relative for phasing. The underlying copy number state of
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each SNP is not really considered. Genotyping algorithms
using discrete diploid SNP calls will yield errors across
regions with copy number variations (true or WGA-
induced). The method of karyomapping is therefore
quite suitable for the diagnosis of monogenic disorders but
has restrictions in the detection of copy number aberra-
tions. A novel method, called haplarithmisis, overcomes
this limitation: it primarily relies on continuous BAFs and
allows for haplotype and copy number detection as well as
the determination of the parental origin of the chromo-
somal anomaly (Zamani Esteki et al., 2015). Haplar-
ithmisis is a family-based approach necessitating samples
of the couple and a close relative, and it is applicable for
both SNP arrays and NGS. Examples of pre-PGD workup
results and PGD results carried out via karyomapping with
an SNP array are shown in Fig. 23.4.

NGS involves DNA fragmentation and the preparation
of a library of templates using adapters that may contain
barcodes for a more affordable analysis with multiple
samples in a single run. The single molecule templates are
then sequenced in parallel from one end or from both ends,
either directly or after prior clonal amplification, and the
sequence reads are mapped to a reference genome. A
crucial parameter is the genome coverage or read depth,
referring to the number of times a particular read was found
at a given genomic position. This read depth is proportional
to the copy number, and a relatively low coverage of 0.07x
has been demonstrated as sufficient for accurate numerical
and structural chromosome analysis by NGS (Yin et al.,
2013). The same group presented a clinical validation study
showing no differences in clinical outcome when
comparing NGS to the SNP array, although NGS was able
to detect some segmental imbalances more precisely (Tan
et al., 2014).

For monogenic disorders, a targeted NGS-based
approach with an increased read depth across the muta-
tion site (minimum 100x) has been reported (Treff et al.,
2013). The mutation sites were captured by amplification
with mutation-specific primers (TaqMan allelic discrimi-
nation assay) prior to sequencing. A primer pool for
chromosome copy number analysis was added at the
amplification step for parallel aneuploidy screening via
real-time quantitative PCR.

Further evaluation and thorough validation are
required before NGS can be part of clinical PGD prac-
tice. As NGS technologies undergo constant improve-
ment, costs get reduced, and the current aim is high
throughput for postnatal and cancer applications, it may
take some time before workflows, computational pipe-
lines, and instruments have been adapted to the flexible
needs of PGD services.

The implementation of array and NGS technologies will
reduce the PGD workup substantially and introduce auto-
mation. Conversely, these technologies will generate a

tremendous amount of genetic information, more than was
initially requested, and it is expected that this will entail
many ethical discussions and challenges for genetic
counseling.

23.6 CLINICAL OUTCOME OF
PREIMPLANTATION GENETIC
DIAGNOSIS

The ESHRE PGD consortium has collected data on all of
the details of PGD/PGS cycles, pregnancies, deliveries, and
children annually since 1997. An overview has been pre-
sented after 10 years of data collection (Harper et al., 2012).

With respect to PGD for monogenic disorders, the
latest report (cumulative data I-XIII) summarizes data
from 9267 cycles, yielding a clinical pregnancy rate of
24% per oocyte retrieval (OR) and 30% per ET (De
Rycke et al., 2015). Compared to other indications, PGD
for monogenic disorders showed the highest pregnancy
rate. The rate is lower than can be expected in a regular
IVF cycle, but it must be taken into account that a large
cohort of embryos is diagnosed as abnormal or affected
(50% and 25% chance in the case of autosomal dominant
and autosomal recessive disorders, respectively). The
genetic selection is strong, especially in patients
requesting HLA compatibility, with a 25% chance to
identify an HLA-matched embryo in the case of HLA
alone or a 19% chance in the case of HLA combined
with an autosomal recessive disorder. A small set of
embryos has no successful diagnosis; the percentage of
embryos without diagnosis has gradually decreased from
19% in the early data to 9% in the latest data sets, mainly
because of continuous technical improvements.

PGD for chromosomal aberrations has shown that large
proportions of the embryos are chromosomally imbalanced
and are not genetically suitable for transfer (an average of
75% versus 57% in monogenic disorder cases). As the
highest levels of chromosomally abnormal embryos are
found in the reciprocal translocation group, fewer embryos
are available for transfer, and lower pregnancy rates are
achieved compared with the Robertsonian translocation
group (16% per OR and 27% per ET for reciprocal trans-
location cases versus 23% per OR and 31% per ET for
Robertsonian translocation cases). The data collections
showed that PGD for reciprocal translocations was per-
formed more often than for any other type of structural
chromosome abnormality (58%). This has an impact on the
global outcome for PGD for chromosomal aberrations, with
cumulative data I-XIII demonstrating an overall pregnancy
rate of 18% per OR and 28% per ET procedure. It is clear
that when embryos are available for transfer, the chances
for pregnancy are similar as for other indications (28% per
ET versus 29% per ET for monogenic disorder cases).
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The cumulative PGD consortium data sets I-XIII on
8453 children born after PGD as well as multiple follow-up
studies on children born after PGD show that pregnancies
and children are very similar to pregnancies and children
born after ICSI. Embryo biopsy, mostly at the cleavage
stage, is the major technical difference between PGD and
ICSI. One report on a prospective cohort of 242 PGD
children (Eldar-Geva et al., 2014) and another large series
of 995 children (Desmyttere et al., 2012) demonstrated no

adverse neonatal outcomes and no additional risk of em-
bryo biopsy. Developmental neurological and cognitive
assessment and follow up on psychomotor and social
functioning showed that PGD preschoolers were compa-
rable with controls born after ICSI or after spontaneous
conception (Winter et al., 2014, 2015; Sacks et al., 2015).
Further monitoring on the safety of the procedures is
necessary, as the long-term health outcome remains
unknown.

FIGURE 23.4 Single nucleotide polymorphism (SNP) array karyomapping case view (A) and detailed karyomapping (B) results for a couple at risk for
autosomal recessive Osteopetrosis, caused by mutations in the TCIRG1 gene on chromosome 11 (67,806,483e67,818,362 (þ) assembly GRCh37/hg19).
During the pre-preimplantation genetic diagnosis (PGD) workup, genomic DNA samples of the carrier father (1), carrier mother (2), and an affected son
(3) were analyzed to determine the number of informative SNPs in the region of the TCIRG gene (informative SNP ¼> one parent is homozygous, and the
other parent is heterozygous at the SNP locus). During the PGD cycle, these results are combined with embryonic samples (4e9). The case view
(A) shows the paternal mutant haplotype in blue (Dark gray in print versions) and the paternal wild type haplotype in red (Gray in print versions); the
maternal mutant haplotype is shown in orange (Light Gray in print versions) and the maternal wild type haplotype in green (Darkest gray in print
versions). The blue (Dark gray in print versions) horizontal line represents the gene; the surrounding zone in lightest gray represents a 2-Mb region
upstream and downstream of the gene. Embryo (4) is unaffected, embryos (5 and 6) are carriers of the maternal mutation. Embryos (7 and 8) are affected,
and embryo (9) is a carrier of the paternal mutation. Detailed karyomapping result (B) for embryo (4) (top), relative phasing of SNPs versus the reference
(bottom) showing the TCIRG1 gene (blue (Dark gray in print versions) vertical line) and 2-Mb flanking regions (lightest gray zone). Blue (Dark gray in
print versions) and orange (Light Gray in print versions) represent parental haplotypes inherited by the reference; red (Gray in print versions) and green
(Darkest gray in print versions) represent parental haplotypes not inherited by the reference. The dots on top of the chromosomes indicate “key”SNPs; the
dots below the chromosomes indicate “non-key”SNPs; and the white dots in the middle of the chromosomes indicate SNPs that were not called. The
presence of 25 maternal and 13 paternal key SNPs within the 2-Mb flanking region supports the presence of wild type parental haplotypes, diagnosing
embryo (4) as unaffected, homozygous wild type. (“Key”SNPs are SNP genotypes of the sample at an informative SNP locus, which cannot be altered by
allele dropout; “non-key”SNPs are SNP genotypes that are most likely accurate, but errors cannot be excluded due to allele dropout. Example: father AB,
mother AA ¼> informative SNP; sample BA ¼> key SNP; sample AA ¼> non-key SNP).
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23.7 ACCURACY AND QUALITY
CONTROL

ADO and contamination are inherent pitfalls of amplification-
based preimplantation testing, while signal overlap, hybridi-
zation failure, and nonspecificity constitute technical diffi-
culties during FISH procedures. Apart from these technical
errors, possible causes for misdiagnosis involve intrinsic
sample quality, like chromosomal mosaicism, and human
errors, such as mislabeling or incorrect ET.

The true misdiagnosis rate is difficult to assess, as many
ETs have no follow up (yield no pregnancy or birth), only
a minority of children have pre-or postnatal testing, and
just a small number of nontransferred and non-
cryopreserved embryos are reanalyzed. Although centers
are encouraged to report misdiagnosis cases to the PGD
consortium (anonymously) so that other centers may learn
from them, the accounts of a 0.14% misdiagnosis rate for
PCR-based cycles and 0.06% for FISH-based PGD cycles
are most likely underestimations (Wilton et al., 2009). For
PCR-based cycles, one multicenter retrospective study
based on the reanalysis of nearly 1000 embryos showed a
high diagnostic accuracy of 93.7% (Dreesen et al., 2014).
PGD does not assure the proper constitution of the future
embryo but minimizes the risk of the disorder under
investigation.

Reanalysis of embryos donated by the couples is an
important parameter in quality control and quality assur-
ance. External quality assessment (EQA) is another key
element of quality assurance (Vendrell et al., 2009; Harper
et al., 2010). The available EQA schemes for monogenic
diseases and for FISH- or array-based testing were initiated
by the Cytogenetic External Quality Assessment Service
and the United Kingdom National External Quality
Assessment Services in collaboration with the ESHRE
PGD consortium. Participation in EQA schemes yields an
independent evaluation of a laboratory’s methods, results
interpretation, and reporting and allows for a comparison
against other PGD centers. The yearly EQA scheme reports
also contain valuable information that helps laboratories to
improve on their techniques and reports.

Accreditation or assessment against international stan-
dards (the general quality management standard ISO9001
and ISO15189, which is specific for medical laboratories)
by an independent accreditation body has been recom-
mended and even been required as an integral part of ge-
netic testing in many countries. In 2008, only 33% of 53
European PGD centers had achieved or were preparing for
accreditation (Corveleyn et al., 2008). Results from a PGD
consortium survey in 2014 showed an improvement of
about half of 46 IVF centers and half of 46 diagnostic
laboratories in the field of PGD having obtained accredi-
tation, according to national or international standards
(unpublished data).

23.8 CONCLUSIONS AND FUTURE
PERSPECTIVES

PGD evolved from an experimental procedure in the early
1990s to a widely accepted alternative for prenatal diag-
nosis in its first decade. PGD was applied for an expanding
range of indications, and technical improvements provided
reliable and accurate single cell genetic tests for chromo-
somal abnormalities and monogenic disorders.

More advancements have been introduced in the fields
of preimplantation genetic testing and ARTs; the major
innovations are a switch from targeted to genome-wide
testing and from cleavage-stage to blastocyst biopsy as
well as the introduction of vitrification as a successful
embryo cryopreservation method. The applications of
powerful array and NGS technologies following universal
WGA reduce the workload and allow for standardization
and uniformity in the complex process of PGD. The high
amplification needed in the case of a single or a few cells as
starting materials introduces amplification artifacts (ADO,
errors, bias, and chimeric products), and this complicates
downstream data interpretation. As this is different from
genome-wide haplotyping and copy number analysis of
unamplified samples, a new generation of bioinformatic
tools is required, enabling genome-wide analysis at the
single cell level, bearing in mind the artifacts.

As innovative algorithms are being developed, and the
cost of sequencing continues to decline, whole-genome
sequencing in the context of PGD will become available
in the near future. This will generate a tremendous amount
of genetic data, for instance, on disease susceptibility
genes, entailing challenges for genetic counseling and
raising new ethical issues. It is clear that the rapid tech-
nological advances in the field of PGD should be balanced
with ethical reflection and thorough discussions.
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Noninvasive Cell-Free DNA Prenatal
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24.1 INTRODUCTION

Noninvasive prenatal testing (NIPT) of the fetal genotype
in maternal plasma without the risk of miscarriage of
invasive procedures was the “holy grail” of prenatal diag-
nosis for many years (Bianchi, 2004). Today, NIPT for
aneuploidy using cell-free fetal DNA (cffDNA) in maternal
plasma is a reality, and it is revolutionizing prenatal
screening and diagnosis. The potential aim is to avoid
invasive procedures such as chorionic villus and amniotic
fluid sampling, which result in a significant pregnancy loss
risk between 0.5% and 1% (Tabor and Alfiveric, 2010).
The discovery of cffDNA circulating in the maternal blood
(Lo et al., 1997) has provided scientists with a great op-
portunity for the development of NIPT methodologies.
Such strategies have been successfully applied for the
determination of the fetal rhesus status and inherited
monogenic disease in cases where the fetus does not carry
the maternal mutation (Tounta et al., 2011). However, the
field of fetal aneuploidy investigation seems to be more
challenging. The main reason for this is that the maternal
cell-free DNA (cfDNA) in the mother’s plasma is far more
abundant and is identical to half of the corresponding fetal
DNA (Lo et al., 1997; Ashoor et al., 2013). Methodologies
developed are mainly based on next-generation sequencing
(NGS) technology and epigenetic genetic modifications,
such as fetalematernal DNA differential methylation
(Papageorgiou et al., 2014). Current NIPT methodologies,
based on counting DNA sequences using NGS, involve
whole-genome sequencing (WGS), targeted sequencing,
and the assessment of single nucleotide polymorphism
(SNP) differences between the mother and fetus

(Lo et al., 2013; Lau et al., 2014). Such methods are
employed worldwide and are the most rapidly adopted
genomic tests. Clinical trials have demonstrated the efficacy
of NIPT for trisomy 21 (Down syndrome), trisomy 18
(Edwards syndrome), and possibly for trisomy 13 (Patau
syndrome) and the sex chromosome abnormalities (Gil
et al., 2015). Investigators have also described the NIPT of
subchromosomal imbalances, opening up further clinical
possibilities (Wapner et al., 2015). Moreover, de-
velopments in the field have allowed for noninvasive pre-
natal determination of fetal methylomic and transcriptomic
profiles (Lo et al., 2013; Tsui et al., 2014), making NIPT
one of the most exciting and fast-developing fields in both
research and the clinical setting.

24.2 ESTABLISHED PRENATAL
SCREENING AND DIAGNOSIS
PRACTICES

24.2.1 Screening

It is important to distinguish prenatal diagnosis of aneu-
ploidy from antenatal screening. A diagnostic test per-
formed by invasive procedures [chorionic villous sampling
(CVS), amniocentesis, or fetal blood sampling] needs to be
accurate since the result will be decisive as to whether to
terminate the pregnancy. A false negative (FN) result
(aneuploid fetus misdiagnosed as euploid) would lead to
the birth of an abnormal child. On the other hand, a false
positive (FP) result (euploid fetus misdiagnosed as aneu-
ploid) could lead to the termination of a normal pregnancy.
In contrast, antenatal screening does not aim to be
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definitive; rather, it is designed to identify women who are
at sufficiently high risk of common aneuploidies as to
warrant invasive prenatal diagnosis. Since the invasive
diagnostic procedures, mainly CVS and amniocentesis, are
hazardous and expensive, only a relatively small group of
women are identified as being at high risk.

Initially, the determination of a high-risk population
was based on maternal age alone, and hundreds of invasive
procedures were performed to find one affected fetus. The
selection of women at risk has improved over the years, and
established screening programs include biochemical
screening and the evaluation of ultrasonographic markers,
which determine the risk of Down syndrome (trisomy 21),
Edwards syndrome (trisomy 18), Patau syndrome (trisomy
13) and Turner syndrome (45,X). The model-predicted
aneuploidy detection rates (DRs) for fixed falseepositive
rates (FPRs) of established prenatal screening protocols
have been extensively discussed in the literature (Benn
et al., 2013).

24.2.2 Diagnosis

Chromosomal cytogenetic analysis of cultured chorionic
villi and amniotic fluid cells can identify numerical chro-
mosomal abnormalities and large structural rearrangements,
mainly deletions, duplications, translocations, inversions,
and extra supernumerary marker chromosomes. Since the
culturing of chorionic villi and amniotic fluid cells requires
at least 10e15 days, various methods have been developed,
mainly in order to obtain a rapid result. These include
fluorescence in situ hybridization (FISH) in uncultured
amniotic cells (Morris et al., 1999) and quantitative fluo-
rescence polymerase chain reaction (PCR) or multiplex
ligation-dependent amplification in fetal DNA (Mann et al.,
2012; Gerdes et al., 2008). Although these methods were
designed to test for only the most frequent numerical
chromosomal abnormalities, they are now widely used in
routine clinical practice as an adjunct to full cytogenetic
analysis (Caine et al., 2005). The most frequent numerical
chromosomal abnormality in man is trisomy 21 (Down
syndrome), with a birth rate of approximately 1 in 700
newborns (Gardner et al., 2012). Other frequent numerical
chromosomal abnormalities are trisomy 18 (Edwards syn-
drome), trisomy 13 (Patau syndrome), and sex chromosome
abnormalities, which result in Klinefelter (47,XXY) and
Turner (45,X) syndromes (Gardner et al., 2012).

Fetal karyotyping, which results from conventional
cytogenetic analysis by light microscopy, has been
considered over the last 40 years to be the “gold standard”
in prenatal diagnosis with very low error rates (Gardner
et al., 2012; Benn, 2010). However, it is inefficient at
detecting submicroscopic deletions and duplications, which
are smaller than 5e10 million base pairs (5e10 Mb), which
are often associated with malformations and mental

retardation. About 15e20% of children with unexplained
developmental delay/intellectual disability, autism spec-
trum disorders, or multiple congenital anomalies have
subtle microdeletions or microduplications, which are not
visible by light microscopy or conventional karyotyping
(Sagoo et al., 2009).

Subtle abnormalities, which cannot be detected with the
conventional G-banded karyotype, can be investigated and
identified by chromosomal microarray analysis (CMA),
with array comparative genomic hybridization (array-CGH)
being the most widely used array-based methodology
(Sagoo et al., 2009). Microdeletions and microduplications
are submicroscopic copy number variants (CNVs) and are
common in the human genome; however some can cause
congenital malformations and syndromes (Cooper et al.,
2011). Array-CGH has been routinely used in prenatal
diagnosis, together with conventional fetal karyotyping,
thus improving the detection of pathogenic fetal chromo-
somal imbalances (Evangelidou et al., 2013; Konialis and
Pangalos, 2015) (Fig. 24.1). Analysis by CMA is highly
recommended in fetuses with structural ultrasound abnor-
malities and a normal karyotype. It has been estimated that
3.1e9.1% of fetuses with structural ultrasound abnormal-
ities and a normal karyotype will show a submicroscopic
CNV of clinical significance (de Wit et al., 2014).

24.2.3 Hazards of Invasive Testing

The principal hazard of amniocentesis and CVS is
miscarriage. A Cochrane Review (Alfirevic et al., 2003)
showed that, when performed by a skilled operator, the
fetal loss rates of the two procedures were comparable. An
updated review (Tabor and Alfirevic, 2010) concluded that
the excess miscarriage rate for either procedure is between
0.5% and 1%.

24.3 HISTORICAL BACKGROUND OF
NONINVASIVE PRENATAL TESTING

24.3.1 Fetal Cells in the Maternal
Circulation

It has been shown that various fetal cell types enter the
maternal circulation during pregnancy (Bianchi, 2004).
These include erythrocytes, platelets, trophoblast cells,
leukocytes, and mesenchymal stem/progenitor cells. For
many years, the focus of research efforts was on the
physical separation and genetic analysis of these cells.
About 1 in 103e107 nucleated cells in maternal blood are
fetal. The proportion of fetal cells can be enriched to about
1 in 10e100 by techniques such as magnetic cell sorting
or fluorescence-activated cell sorting after the attachment
of cell surface markers. The resulting sample is unsuitable
for traditional cytogenetic analysis because it is still highly
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contaminated with maternal cells. However, using
chromosome-specific DNA probes and FISH, it is possible
to suspect fetal trisomy by the presence of magnetically
labeled or fluorescent antibodies on specific fetal three-
signal nuclei in some of the cells of the maternal blood
enriched for fetal cells. In particular, nucleated erythro-
cytes seemed to be good candidates for chromosomal
aneuploidy testing using the FISH method (Bianchi et al.,
2002). However, after many years of research, the inter-
national study sponsored by the National Institute of Child
Health and Human Development (the “NIFTY Trial”)
concluded that while fetal cells are present in the maternal
circulation, there was no method robust and reliable
enough to isolate them for widespread clinical application
(Bianchi et al., 2002).

24.3.2 Cell-Free Fetal DNA in the
Maternal Circulation

An important advance in the area of NIPT was the dis-
covery by Lo et al. (1997) that cffDNA circulates within the
blood of pregnant women. It is likely derived from
apoptotic cells and is amplifiable, allowing for multiple
prenatal applications. Using PCR of Y-specific DNA se-
quences and agarose-gel electrophoresis, Lo et al. (1997)

were able to detect fetal DNA in most plasma/serum sam-
ples of pregnant women bearing male fetuses. The devel-
opment of real-time PCR techniques enabled these authors
to use a quantitative approach to measure the concentration
of fetal DNA in maternal plasma (Lo et al., 1998a). The
fractional fetal DNA concentrations in maternal plasma
were remarkably high, having a mean of some 3% in early
pregnancy and 6% in late pregnancy, much higher than the
corresponding figures for fetal nucleated cells that are
present in maternal blood. Furthermore, a serial analysis on
a cohort of pregnant women sampled at multiple times
during pregnancy indicated that fetal DNA was present in
maternal serum as early as the seventh week of gestation.
All in all, these data indicated that fetal DNA in maternal
plasma could be a valuable material for noninvasive pre-
natal diagnosis, much more robust than using fetal cells in
maternal blood. Following this, it was first shown by the
same authors that the prenatal detection of fetal RHD se-
quences in maternal plasma is feasible (Lo et al., 1998b).
This test was the first clinical application of DNA-based
noninvasive prenatal diagnosis, and it has been used
routinely in clinical practice ever since.

Enormous efforts have been made by several research
teams toward developing NIPT for fetal aneuploidy (Benn
et al., 2013; Allyse et al., 2015; Gil et al., 2015). The

FIGURE 24.1 The traditional approach of fetal aneuploidy diagnosis by invasive procedures followed by cytogenetic analysis and/or chromosomal
microarray analysis (top) and noninvasive prenatal testing (NIPT) for common fetal aneuploidies (bottom). cffDNA, cell-free fetal DNA.
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pioneering work of Dennis Lo and his colleagues has had
an important impact (Lo, 2013). Down syndrome is
caused by an increased dosage of genetic material on
chromosome 21, most commonly caused by the presence of
an extra copy of the chromosome. A trisomy 21 fetus with
three copies of chromosome 21, rather than two copies,
releases proportionally more chromosome 21 DNA into
maternal plasma than does a euploid fetus. The concen-
tration of cffDNA in the plasma of pregnant women car-
rying Down syndrome fetuses is higher than those carrying
chromosomally normal fetuses (Lo et al., 1999a,b). Hence
maternal plasma DNA analysis can be used as a screening
test for fetal Down syndrome (Fig. 24.1). The challenge
was that there is some overlap between the concentration
ranges of the Down syndrome group and the normal group,
and thus the diagnostic sensitivity and specificity of the test
needed to be improved before it could become a valuable
testing tool. Hence the key to the NIPT of Down syndrome
was the development of methods that would allow one to
accurately measure such a chromosome dosage increase. In
2007, two independent reports described an approach that
can be used for detecting the small increase in chromosome
21-derived genetic material in maternal plasma in trisomy
21 pregnancies using digital PCR (Lo et al., 2007a; Fan
et al., 2007). The investigators reasoned that the degree of
the increase would be dependent on the fractional con-
centration of fetal DNA in maternal plasma. They also
deduced that, as the fractional concentration of fetal DNA
decreases, more DNA molecules would need to be counted.
However, because digital PCR only amplifies DNA mole-
cules in maternal plasma that have binding sites for the
predetermined PCR primers, the majority of plasma DNA
molecules, which do not have the primer binding sites, are
not analyzed, and thus the diagnostic information contained
in them is wasted.

24.3.3 Free-Fetal RNA in the Maternal
Circulation

Another approach that appeared to be promising was
testing free-fetal RNA (ffRNA). The presence of ffRNA in
maternal plasma was established by Poon et al. (2002), who
showed that Y chromosome-specific zinc finger protein
(ZFY) mRNA could be found in the plasma of women
carrying a male fetus. The identification of genes that are
expressed by trophoblasts but not maternal cells should
result in the presence of the corresponding cffRNA species
in maternal plasma, which is free of contaminating maternal
RNA with a similar sequence. If the cffRNA also carries
polymorphisms that distinguish fetal alleles, the presence of
aneuploidy could be deduced by the departure from the
normal 1:1 ratio in the relative amount of the inherited al-
leles (Lo et al., 2007b). This approach to NIPT showed

some success in the initial proof-of-principle studies, but
unpublished clinical trial data were disappointing.

24.3.4 FetaleMaternal Differentially
Methylated Regions

The discovery of fetalematernal differentially methylated
regions has facilitated the development of NIPT strategies
(Chim et al., 2008; Papageorgiou et al., 2009). The aim of
DNA methylation-based methodologies was first to identify
fetal-specific methylation markers that would allow for the
discrimination of fetal DNA from the maternal DNA in
maternal circulation and that have the potential to be
developed into noninvasive prenatal diagnostic markers.

DNA methylation is an enzymatic chemical modifica-
tion of the genome, which includes the addition of a methyl
group to the carbon-5 position of the cytokines of CpG
dinucleotides (Schubeler et al., 2015). The methylation
pattern of the cell is reset during embryogenesis, and it is
established early during development (Monk, 1990). After
its establishment, the methylation pattern is inherited from
one cell generation to the next. DNA methylation is a dy-
namic process and may change during the post-
developmental stage (Reik et al., 2001). It is believed that
60% of tissue-specific differentially methylated regions are
methylated in embryonic cells, while during the differen-
tiation of embryonic tissues to adult tissues, they undergo
demethylation (Schubeler et al., 2015). It has been shown
that specific regions of the genome show a different
methylation pattern in different tissues and at different
stages of development. The earlier discussed findings pro-
vided convincing evidence that fetal DNA will present
different methylation patterns from the methylation pattern
of the maternal DNA (Poon et al., 2002).

The most promising methylation-based approach was
methylated DNA immunoprecipitation (MeDIP)
(Papageorgiou et al., 2014). The identification of a set of
specific DNA sequences on chromosome 21 that are
hypermethylated in placental cells allows for the selective
enrichment of fetal cfDNA from maternal plasma.
Following quantitative real-time PCR, there may be
measurable differences in the amount of chromosome 21-
derived DNA when fetal trisomy 21 is present, compared
with euploid fetuses. Using the “epigenetic approach,” an
NIPT method based on MeDIP combined with quantitative
PCR was developed (Papageorgiou et al., 2011, 2014;
Patsalis et al., 2012; Tsaliki et al., 2012).

24.3.5 Next-Generation Sequencing of
Maternal Plasma DNA

The use of NGS methodologies in NIPT has revolutionized
the field. In 2008, two independent groups demonstrated
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that NIPT of trisomy 21 could be achieved using massively
parallel shotgun sequencing (MPSS), ushering in a new era
of NIPT and opening new possibilities for the use of these
methodologies in clinical practice (Chiu et al., 2008; Fan
et al., 2008). A large-scale, multicenter validation study of
this methodology demonstrated a diagnostic sensitivity of
100% and a specificity of 98% (Chiu et al., 2011). The
results were replicated by other groups (Palomaki et al.,
2011; Bianchi et al., 2012). This methodology was intro-
duced into clinical service in 2012 and as of 2014 had been
performed on 700,000 maternal plasma samples in 50
countries. Commercially available NIPT identifies aneu-
ploidies in chromosomes 13, 16, 18, 21, 22, X, and Y,
allowing for the detection of the most frequently observed
chromosome aneuploidies (data updated as of 2014)
(Agarwal et al., 2013).

24.4 ORIGIN OF CELL-FREE FETAL DNA

Circulating cfDNA in healthy adults derives mainly from
hematopoietic cells undergoing apoptosis (Lui et al., 2002).
The exact origin of cffDNA remains unknown. It is sug-
gested that it is derived mainly from the placenta, as
demonstrated by the very rapid clearance of fetal DNA
from maternal blood following delivery, in contrast to the
majority of fetal cells that can survive several weeks
postpartum (Hahn et al., 2005). Additional evidence that
cffDNA is of placental origin only is the fact that it is
detectable even in the absence of an embryo (Alberry et al.,
2007). Faas et al. (2012) described a case in which the
plasma DNA and amniocentesis results were 45,X. Cyto-
genetic studies of the placenta showed that the mesen-
chymal core had a 46,XX karyotype, and the
cytotrophoblast layer was 45,X. This study is often cited as
the basis for the fact that cffDNA derives from cyto-
trophoblasts (Fig. 24.2). In addition to this evidence, the
absence of circulating fetal DNA species in case reports
concerning placental mosaicism confirms the origin of
cffDNA being the placenta and not the fetal unit itself
(Masuzaki et al., 2004; Hahn et al., 2005). Other studies
have suggested that the major source of cffDNA is the cells
of trophoblastic origin that are released from the syncy-
tiotrophoblast in the form of syncytial knots. These cells
undergo apoptosis, and the nucleic acids packed inside,
including RNA and DNA, are released into the maternal
circulation. In addition to apoptotic mechanisms taking
place as a result of normal aging of the syncytiotrophoblast,
accidental breakage or necrosis may also be one of the
causes of the release of cell-free nucleic acids. The concept
that apoptotic or aponecrotic pathways of the syncytio-
trophoblast may alter the proportion of fetal DNA is
gathering considerable interest (Litton et al., 2009).

It is well established that an increase in cffDNA levels
can be used as a predictive marker for the early detection

of pregnancy-related disorders, such as preeclampsia, in-
trauterine growth restriction, preterm labor, placenta pre-
via, and hyperemesis gravidarum, although conflicting
evidence suggests that cfDNA levels may increase during
the early stages of pathological changes and may later
decrease as the disease progresses (Sifakis et al., 2015).
Despite this discrepancy, cffDNA levels clearly increase
prior to the onset of the clinical symptoms of pregnancy-
related complications. The mechanisms of action are
believed to be a combination of apoptotic, aponecrotic,
and inflammatory events that manifest during placental
development. Further and more intensive research is
required to elucidate the exact pathways that govern the
underlying pathology of the release of cffDNA and
pregnancy-related complications, although the results
presented thus far indicate that cffDNA should be
considered as a serious addition to the field of noninvasive
prenatal screening and the early evaluation of severe
pregnancy-related complications.

24.5 NONINVASIVE PRENATAL TESTING
METHODOLOGIES

The extraordinary advances in molecular biology and NGS
have made NIPT possible. There are four main methodol-
ogies: WGS, SNP-based targeted sequencing, the targeted
capture enrichment methodology, and the microarray-based
targeted methodology. All methodologies analyze the total
(maternal and fetal) cfDNA that is isolated from maternal
plasma, which is fragmented. Fetal DNA fragments are
predominantly 143 bp in length, and the maternal DNA
fragments are generally 166 bp (Lo et al., 2010). The
microarray-based targeted methodology combines

FIGURE 24.2 Schematic presentation of the chorionic villous.
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microarray methodology and digital analysis of selected
regions (DANSR�) (Juneau et al., 2014).

In contrast to WGS, where the whole genome is
sequenced, in the targeted methodologies only those chro-
mosomal regions that are of interest (e.g., chromosomes 21,
18, and 13) are selectively amplified, and then it is assessed
whether there is a departure from euploidy, based on the
relative number of DNA fragment counts for this subset of
chromosomes (Sparks et al., 2012; Koumbaris et al., 2016).
These “targeted” methodologies have the advantage of
requiring considerably less sequencing and thereby
reducing costs. A minimum fetal fraction ( ff ), typically
4%, is required for all NIPT methodologies.

Most NIPT commercial providers use NGS-based tests.
Each of them has different proprietary algorithms to
determine the cutoffs between normal and abnormal results.
The classification cutoff will determine the expected FPRs.
Furthermore, certain companies include an adjustment to
allow for the variability in the proportion of DNA that is
fetal and then combines the results of the laboratory test
with maternal age to provide a patient-specific risk for
Down, Edwards, and Patau syndromes (Sparks et al.,
2012). Commercial NIPT tests available worldwide are
presented in Fig. 24.3.

24.5.1 Whole-Genome Sequencing

This approach relies on identifying and counting large
numbers of the DNA fragments in the plasma specimen.
Using WGS, millions of both fetal and maternal DNA

fragments can be sequenced simultaneously, and since the
entire human genome sequence is known, each piece that
maps to a discrete locus can be assigned to the chromosome
from which it came (Chiu et al., 2008; Fan et al., 2008)
(Fig. 24.4).

Only the first 25 or 36 bp of each fragment are
sequenced; this sequence is unique enough to allow
alignment to a specific physical location within the human
genome. A mapped sequence is known as a tag. The
companies that perform WGS map between 12 and
25 million tags per sample. The number of tags at a specific
chromosome is then counted and compared to the reference
values obtained. If fetal aneuploidy is present, there should
be a relative excess or deficit for the chromosome in
question. The difference in counts will be small; for
example, if fetal trisomy 21 is present, and the ff is 20%, the
relative excess in chromosome 21 DNA fragments will be
(0.8 � 2) þ (0.2 � 3) ¼ 2.2 compared with the situation
for a euploid fetus (0.8 � 2) þ (0.2 � 2) ¼ 2, that is, a
relative increase in the number of chromosome 21 counts of
only 10%. To be able to reliably detect these differences,
large numbers of counts are necessary, the ff needs to be
appreciable, and the counts need to be compared with the
expected counts for euploid cases. The latter can be ach-
ieved either by normalizing counts for the chromosome of
interest against other chromosomes that are expected to be
disomic within the same test run (Fan et al., 2008) or by
comparing the fraction of counts assigned to a particular
chromosome against the fractions seen for a set of known
euploid cases (Sehnert et al., 2011). Results can be

FIGURE 24.3 Noninvasive prenatal testing (NIPT) methods available worldwide showing the provider company and the methodology used. SNP, single
nucleotide polymorphism.
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expressed as a Z-score, which can be converted into a
probability that a specific chromosome result departs from
the normal diploid situation. Although it is possible to
convert the Z-score to a patient-specific risk, major com-
mercial providers of this testing choose to present their
results only in terms of “positive” or “negative” based on
Z-scores exceeding predefined thresholds (Fig. 24.5).

A similar approach is known as “shotgun” WGS, which
relies on sequencing and counting all informative chro-
mosome regions (Fan et al., 2010; Dan et al., 2012; Liang
et al., 2013). Sequences that do not map to a unique locus
are uninformative. In some studies, only those fragments
that have sequences identical to the reference genome
sequence are accepted in the analysis, while in others one or
two mismatches in the sequence will be accepted.

24.5.2 Single Nucleotide Polymorphism-
Based Targeted Sequencing

It has long been shown that SNPs in the DNA are common
among different individuals (Weiss, 1998; Kwok and Gu,
1999). The use of SNPs for noninvasive aneuploidy testing
was first demonstrated by Dhallan et al. (2007). In their
approach, the paternal, maternal, and fetal SNPs present in
blood (paternal), buffy coat (maternal), and maternal
plasma (maternal and fetal) were evaluated as bands on
sequencing gels. The quantification of band intensities of

the uniquely inherited paternal SNPs in the plasma allowed
for an estimation of the ff. A comparison of the maternal
plus fetal bands with the unique fetal band intensity also
allowed for an estimation of the fetal chromosome 21
dosage (Fig. 24.6).

The SNP approach selectively amplifies and sequences
19,488 polymorphic loci on chromosomes 13, 18, 21, X,
and Y (Zimmerman et al., 2012; Nikolaides et al., 2013).
Each product is evaluated based on the hypothesis that the
fetus is monosomic, disomic, or trisomic. After considering
the positions of the SNPs on the chromosomes and the
possibility that there may have been recombination, a
maximum likelihood is calculated that the fetus is either
normal, aneuploid (chromosome 21, 18, 13, or sex chro-
mosome), triploid, or that uniparental disomy is present.

The algorithm used in this approach incorporates
maternal genotype information and recombination fre-
quencies to construct billions of theoretical fetal genotypes.
The software calculates a relative likelihood for each hy-
pothetical genotype by comparing it with data obtained
from the maternal buffy coat DNA sequence. The SNP
approach does not require reference values. It also avoids
some of the technical problems associated with guanine
cytosine (GC) bias and can detect fetal triploidy. However,
because of the need to compare sequences with the
maternal genotype, it cannot be used in egg donor
pregnancies.

FIGURE 24.4 Whole-genome sequencing methodology.
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FIGURE 24.5 Standard normal distribution, which has a mean (m) of zero and a standard deviation (s) of 1, from which Z-scores are obtained for a
widely used commercial noninvasive prenatal testing method. A typical threshold, also illustrated in the figure, would be set at Z-score ¼ 3. This
score corresponds to 3 standard deviations (3s) away from the mean (m) and would imply a large deviation from the normal/average population. As
such, Z-score values greater than 3, which are found on the right-hand side of the threshold bar (dark gray portion of the distribution), would be
considered “positive.” Conversely, Z-scores of less than 3, which are found on the left-hand side of the threshold (light gray portion of the distri-
bution) would be considered “negative.” Reproduced with permission from Koumbaris, G., Kypri E., Tsangaras K., Achilleos A., Mina P., Neofytou
M., Velissariou V., Christopoulou G., Kallikas I., González-Liñán A., Benusiene E., Latos-Bielenska A., Marek P., Santana A., Nagy N., Széll M.,
Laudanski P., Papageorgiou E.A., Ioannides M., Patsalis P.C., 2016. Cell-free DNA analysis of targeted genomic regions in maternal plasma for
non-invasive prenatal testing of trisomy 21, trisomy 18, trisomy 13 and fetal sex. Clin. Chem. 62, 848e855.

FIGURE 24.6 Single nucleotide polymorphism (SNP)-based targeting sequencing methodology.
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In theory, with SNPs there should be advantages over
methods based on total sequence counting. SNPs can pro-
vide information about the parent of origin of aneuploidy,
recombination, and the inheritance of mutations. On the
other hand, SNPs account for only 1.6% of the human
genome, and therefore enrichment for fetal DNA, deeper
sequencing, or higher levels of high-fidelity amplification
may be required to identify unambiguously affected preg-
nancies with small imbalances (Liao et al., 2012). When
few loci are used in the analysis, greater attention needs to
be paid to the exclusion of regions in which there are rare
benign CNVs. The SNP approach could result in the
inadvertent detection of nonpaternity or perhaps consan-
guinity. In the case of assisted reproduction with an egg
from an unrelated donor, SNP-based methodologies would
need to be modified to take into consideration the presence
of additional maternally derived fetal alleles not present in
the surrogate mother.

24.5.3 Targeted Capture Enrichment
Methodology

This targeted test constitutes an integrated assay that in-
corporates simultaneous determination of ff and accurate
detection of fetal aneuploidies of chromosomes 13, 18, and
21 as well as fetal gender (Koumbaris et al., 2016)
(Fig. 24.7). The assay employs a robust analysis algorithm,
which minimizes random and systemic variation between
sequencing runs and is sensitive enough to distinguish
between euploid and aneuploid samples. There is a clear
separation between the risk scores of trisomic and disomic
samples, allowing for a binary classification scheme. The

algorithm uses a Bayesian approach to estimate fetal DNA
fraction. As such, additional information can be easily
incorporated into the model. In addition, instead of infer-
ring a point estimate of fetal DNA fraction, the algorithm
calculates the posterior distribution of the fetal DNA frac-
tion in each sample. It subsequently uses the lower bound
of the corresponding 95% credible interval to determine
whether a sample has adequate ff. This conservative
approach of estimating ff ensures that the lowest possible ff
of each sample is considered for classification purposes,
thus minimizing the possibility of incorrect calls that could
potentially arise from low proportions of fetal DNA. This
novel ff estimation algorithm was also independently and
thoroughly validated using Y chromosome loci in male
samples. The ff estimation algorithm was also tested using
nonpregnant samples. The algorithm correctly identified the
absence of fetal DNA in these samples.

The targeted capture enrichment methodology has
several advantages compared to WGS methods. WGS re-
quires a very large number of reads and only allows for the
simultaneous analysis of very few samples. The inherently
limited throughput of whole genome methods imposes a
significant technical, financial, and logistical burden. In
contrast, the targeted method described here utilizes only
specific genomic regions and significantly reduces the
number of required reads. This results in a dramatic
decrease in technical difficulties and a significant reduction
in overall costs. Furthermore, the method permits very high
read depth and provides very high accurate classification at
a near-diagnostic level. The methodology also ensures very
accurate ff estimation and protection from FN results. At
the same time, the selection and enrichment of specific

FIGURE 24.7 Targeted capture enrichment methodology. cfDNA, cell-free DNA.
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targeted genomic regions of interest, called TACS, protects
from FP and FN results because it avoids the phenomenon
of GC-bias amplification as well as CNVs and regions of
complex genomic architecture (Koumbaris et al., 2016).

24.5.4 Microarray-Based Targeted
Methodology

Targeted chromosomes (13, 18, 21, X, and Y) are analyzed
using DANSR assays. DANSR products are subsequently
divided between two DNA quantification methods: micro-
arrays and NGS. For both microarray and sequencing
methodologies, the fetal-fraction optimized risk of trisomy
evaluation algorithm is used to determine the trisomy risk
and assay variability across samples and compute ff vari-
ability within samples (Juneau et al., 2014).

The DANSR targeted approach was developed to
reduce the amount of sequencing required for NIPT.
DANSR efficiently generates relevant data by focusing
assay resources on chromosomes of clinical relevance.

Chromosomes 13, 18, and 21 together comprise only
about 8% of the human genome. Targeting hundreds of
DANSR assays to each of these chromosomes provides
deep cfDNA analysis at a lower cost.

Microarray-based NIPT methodologies require no
sample multiplexing. Instead, each sample is hybridized
individually to a single microarray. The processing
throughput is enhanced by physically connecting 384

microarrays onto a single multimicroarray plate for
convenient high-throughput handling (Fig. 24.8). Because
each sample is processed individually, and sample
normalization is not required, time is saved and the cost is
reduced.

24.6 BIOLOGICAL AND TECHNICAL
FACTORS THAT AFFECT NONINVASIVE
PRENATAL TESTING RESULTS

The accuracy of NIPT is affected by multiple technical and
biological factors that are all integrated with and affected
by each other. These include mainly ff, GC base content of
the chromosomes tested, chromosome value, and maternal
CNVs.

24.6.1 Fetal Fraction

The ff is the amount of cffDNA divided by the total DNA,
which comprises fetal plus maternal cfDNA. The ff can be
computed on the basis of polymorphic sequence variation
(Norton et al., 2012) ormethylationdifferences (Nygren et al.,
2010) between maternal and fetal DNA. Most of the current
serum markers used in Down syndrome screening follow a
Gaussian curve. The correct measurement of the ff is of great
importance in the accuracy of NIPT results. The higher the ff,
the easier it is to call aneuploidy, because the Z-scores are
higher. Similarly, low ffs (4% in some clinical laboratories)

FIGURE 24.8 Microarray-based targeted methodology. cfDNA, cell-free DNA; DANSR, digital analysis of selected regions; FORTE, fetal-fraction
optimized risk of trisomy evaluation.
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are related to test failures and FN test results. Both maternal
and fetal factors such as maternal weight and ethnicity,
gestational age, fetal aneuploidy, twin pregnancy, and
mosaicism affect ff and have to be taken into account during
NIPT (Bianchi and Wilkins-Haug, 2014).

Maternal body mass index (BMI) is the most signifi-
cant demographic variable that affects ff (Vora et al.,
2012). The total circulating cfDNA is proportionately
increased in pregnant women as a function of BMI. The
fetal DNA is unaffected, but the increased maternal DNA
results in an overall lower ff. As for gestational age, it has
been shown that ff increases by 0.1% per week between 10
and 21 weeks of gestation (P < .0001), and after 21 weeks
it increases by 1% per week (P < .0001). Together,
maternal weight and fetal gestational age accounted for as
much as 27% of the interindividual variation seen in ff
(Wang et al., 2013). Relative to euploid males, fetuses
with trisomy 21 have an increased ff, and fetuses with
trisomy 18, 13, and monosomy X have a decreased ff
(Rava et al., 2013).

NIPT is possible for twin pregnancies. If both twins
have the same genotype, they can effectively be treated like
a singleton gestation, and the Z-scores for the aneuploid
chromosome should have a linear relationship with ff. The
difficulty arises when twins are discordant for aneuploidy,
because ff is not doubled. Although the overall ff is
increased, the ff per fetus is reduced compared with sin-
gletons. In approximately 10e15% of cases, the ff would be
lower than 4%, and therefore there would be a risk of a FN
result (Srinivasan et al., 2013).

If there is placental or fetal mosaicism with a cell line
that has autosomal aneuploidy, a higher overall ff will
increase the chance that the partial DNA contribution from
a mosaic abnormal line will be found, while low per-
centages of mosaicism (10%) cannot be detected (Canick
et al., 2013).

24.6.2 Mosaicism

If there is placental or fetal mosaicism with a cell line that
has autosomal aneuploidy, a higher overall ff will increase
the chance that the partial DNA contribution from a mosaic
abnormal line will be found (Canick et al., 2013). Similarly,
a high percentage of abnormal cells will increase the chance
that sequences from the aneuploidy chromosome will be
detected. It has been shown that NIPT detected the aneu-
ploidy in mosaic cases with at least 29% of cells positive
for trisomies 18 and 21 (Bianchi et al., 2012). In contrast,
low percentages of mosaicism (10%) or low effective ffs
have led to FN results (Canick et al., 2013). It is important
to take into consideration the different types of placental
and fetal mosaicism in order to appraise the influence of
mosaicism on NIPT results (Fig. 24.9) (Gardner et al.,
2012). In cases where there is a discordance between the

chromosomal constitution of the placenta and the fetus
there is the risk of FP or FN NIPT results, since cffDNA is
of placental origin only (Fig. 24.9B and G) (Koumbaris
et al., 2016). The same applies in cases of placental or fetal
mosaicism (Fig. 24.9CeF). Confined placental mosaicism
(CPM) (Fig. 24.9B) is found in approximately 1e2% of
chorionic villi samples (Hahnemann et al., 1997; Gardner
et al., 2012) and is the most frequent reason for FP NIPT
results, especially involving the sex chromosomes (Brady
et al., 2016; Koumbaris et al., 2016).

24.6.3 Chromosome Guanine Cytosine
Base Content

Fan and Quake (2010) showed that sequencing results were
biased in chromosomes with increased or decreased GC
base content levels. They described a computational
method to remove the GC bias. This eliminated the vari-
ance in the distribution of sequence tag counts and
increased statistical confidence in the detection of aneu-
ploidy. They also showed that with increased sequence tags
there was an increased precision of calling a sample
aneuploidy. After GC correction, MPS counting statistics
follow a normal distribution. Each testing company has
different proprietary algorithms to determine cutoffs be-
tween normal and abnormal. The classification cutoff will
determine the expected FPRs.

Chromosomes that have GC content in the mid-range
(such as 21, 18, and X) perform best with MPS (Chiu
et al., 2008). Chromosome 13 has one of the lowest GC
contents. For this reason, specific approaches have been
used to normalize the GC ratios for chromosome 13, which
have resulted in an increased sensitivity of detection of
trisomy 13 (Fan et al., 2010; Chen et al., 2011).

24.6.4 Chromosomal Value

An additional factor that affects sensitivity is the chromo-
somal value (CV) in the sequencing results for a specific
chromosome. Normalized chromosome value (NCV) is a
mathematical calculation for comparing each chromosome
tested in cfDNA (Sehnert et al., 2011). NCV calculation
removes variation within and between sequencing runs to
optimize test precision. An excess or deficiency in the
number of counts, expressed as a Z-score or NCV, implies
aneuploidy for that chromosome. A smaller CV results in
larger Z-scores, making it easier to separate aneuploid from
euploid samples. Chromosome 18 has approximately half
of the CV observed for chromosomes 13, 21, and X (Rava
et al., 2013). The clinical implication is that trisomy 18 can
be detected at lower ffs. It is therefore easier to detect low-
grade mosaicism, which may be one reason why there are
more discordant results between NIPT and karyotype with
trisomy 18 (Mennuti et al., 2013).
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24.6.5 Maternal Copy Number Variations

Maternal CNVs may lead to FP and FN NIPT results
because NIPT relies upon the analysis of cfDNA derived
from the maternal plasma, and the majority of cfDNA is
maternal in origin. Therefore counting the statistics of
conventional Z-score chromosome-wide analysis methods
can be affected by maternal CNVs. The development and
clinical application of analysis pipelines, which allow for
differentiation between localized and chromosome-wide
events, including maternal CNVs, may avoid such errors
(Bayindir et al., 2015). One study found that maternal
CNVs were a major factor contributing to FP and FN NIPT

results as well as fetal/placental mosaicism (Zhang et al.,
2015). These findings demonstrate the importance of
differentiating between whole chromosome and sub-
chromosomal events as well as those that are of maternal
origin.

24.7 NONINVASIVE PRENATAL TESTING
IN CLINICAL TRIALS

In a metaanalysis of the performance of cffDNA testing
when screening for aneuploidies, a total of 37 relevant
studies were identified (Gil et al., 2015). These studies re-
ported cffDNA results in relation to fetal karyotype from

FIGURE 24.9 Types of mosaicism: (A) total agreement between the chromosomal constitution of the placenta and the fetus; (B) confined placental
mosaicism; (C) total agreement for mosaicism between the placenta and the fetus; (D, E) partial agreement for mosaicism between the placenta and the
fetus; (F) confined fetal mosaicism; (G) total discordance between the chromosomal constitution of the placenta and the fetus. CPM, confined placental
mosaicism.
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invasive testing or clinical outcome. Weighted pooled DRs
and FPRs for singleton pregnancies are shown in
Table 24.1.

24.7.1 Performance of Screening for
Aneuploidies

As can be seen in Table 24.1, in singleton pregnancies,
cffDNA analysis of maternal blood can detect more than
99% of cases of fetal trisomy 21 with an FPR of less than
0.1%. In the metaanalysis by Gil et al. (2015), the com-
bined total number of affected (n ¼ 1051) and unaffected
(n ¼ 21,608) pregnancies was large, and the heterogeneity
between studies was low. Although most studies were in
high-risk pregnancies, there were five studies with a com-
bined total of 57 affected and 8685 unaffected pregnancies
in general populations with a DR of 100% and an FPR of
0.08%.

The performance of cffDNA analysis of maternal blood
in the identification of singleton pregnancies with fetal
trisomy 18 or 13, with respective DRs of about 96% and
91% and a combined FPR of 0.26%, is worse than the
performance of screening for trisomy 21. The objective of
trying to identify all three trisomies, rather than trisomy 21
alone, is achieved at the expense of a fourfold increase in
the FPR, from 0.09% to 0.35%. Furthermore, the number of
affected cases examined, 389 for trisomy 18 and 139 for
trisomy 13, was considerably smaller than that for trisomy
21, and the heterogeneity in DR and FPR between studies
was much higher for trisomy 13 than for the other two
trisomies.

A small number of studies, with a combined total of 177
singleton pregnancies with fetal monosomy X and 56 with
other sex chromosome aneuploidies, reported that cffDNA
analysis of maternal blood detected about 90% of the
former and 93% of the latter, with a combined FPR of
0.37%. Notably, in some studies the rate of laboratory
failure to provide a result was considerably higher for sex
chromosome aneuploidies than it was for the trisomies.

In another metaanalysis study by Taylor-Phillips et al.
(2016) after a systematic review of 2012 articles, the test
accuracy of NIPT pooled sensitivity was 99.3% for trisomy
21, 97.4% for trisomy 18, and 97.4% for trisomy 13, with a
pooled specificity of 99.9% (99.9e100%) for all three tri-
somies (Table 24.2).

24.7.2 Screening for Aneuploidies in Twin
Pregnancies

While screening by cffDNA testing is feasible in twin
pregnancies, the performance of the screening may be
worse than it is in singletons. The DR for trisomy 21 is
93.7%, and the FPR is 0.23% (Gil et al., 2015). In the
metaanalysis by Taylor-Phillips et al. (2016) the sensitivity
was also lower in twin than singleton pregnancies, reduced
by 9% for Down, 28% for Edwards, and 22% for Patau
syndrome.

In twins, cffDNA testing is more complex, because the
two fetuses could be either monozygotic, and therefore

TABLE 24.1 Data From a Metaanalysis Study on the Performance of Cell-Free Fetal DNA Testing in

Screening for Aneuploidies in a Total of 37 Relevant Studies in Singleton Pregnancies

Detection Rate (%) False Positive (%) False Negative (%)

Trisomy 21 99.2 0.09 0.36

Trisomy 18 96.3 0.13 1.9

Trisomy 13 91 0.13 6.67

Monosomy X 90.3 0.23

XXX, XXY 93 0.14

Reproduced with permission from Gil, M.M., Quezada, M.S., Revello, R., Akolekar, R., Nicolaides, K.H., 2015. Analysis of cell-free
DNA in maternal blood in screening for fetal aneuploidies: updated meta-analysis. Ultrasound Obstet. Gynecol. 45 (3), 249e266.

TABLE 24.2 Data From a Metaanalysis Study

on the Performance of Cell-Free Fetal DNA

Testing in Screening for Aneuploidies in a Total

of 41, 37, and 30 Studies in the Review for

Trisomy 21, Trisomy 18, and Trisomy 13,

Respectively, in Singleton Pregnancies

Sensitivity (%) Specificity (%)

Trisomy 21 99.3 99.9e100

Trisomy 18 97.4 99.9e100

Trisomy 13 97.4 99.9e100

Reproduced with permission from Taylor-Phillips, S., Freeman,
K., Geppert, J., Agbebiyi, A., Uthman, O.A., Madan, J., Clarke,
A., Quenby, S., Clarke, A., January 18, 2016. Accuracy of
non-invasive prenatal testing using cell-free DNA for detection
of Down, Edwards and Patau syndromes: a systematic review
and meta-analysis. BMJ Open 6 (1).
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genetically identical, or dizygotic, in which case only one
fetus is likely to have any aneuploidy identified. There is
evidence that, in dizygotic twins, each fetus can contribute
different amounts of cffDNA into the maternal circulation,
and the difference can be nearly twofold. It is therefore
possible, in a dizygotic twin pregnancy discordant for
aneuploidy, for the ff of the affected fetus to be below the
threshold (4%) for successful cffDNA testing. This could
lead to an erroneous result of low risk for aneuploidy, with
a high contribution from the disomic co-twin resulting in a
satisfactory total ff. To avoid this potential error, it was
proposed that for cffDNA testing in twin pregnancies, the
lower ff of the two fetuses, rather than the total ff, should be
estimated in the assessment of risk for aneuploidies.
However, an inevitable consequence of such a policy is that
the no-result rate in twins is higher than in singleton
pregnancies.

24.7.3 False Positive and False Negative
Results

The FPRs for NIPT are on the order of 0.1e0.2%. It re-
mains unknown, however, what portion of the discordancy
between NIPT and fetal results is attributable to the
demarcation between euploidy and aneuploidy established
by the statistical algorithms and how much is due to bio-
logic explanations uncovered by the greater sensitivity of
NGS. With regard to FN cases, the few reported cases
suggest that the underlying explanation is either a sample
mix-up, low ff, or mosaicism (Fig. 24.9F and G) (Canick
et al., 2013; Futch et al., 2013).

CPM, as already mentioned, is present in 1e2% of
first-trimester placentas (Fig. 24.9B) (Hahnemann et al.,
1997; Gardner et al., 2012). Several instances of CPM
detected at CVS have been reported in association with
discordant positive NIPT results (Mennuti et al., 2013;
Hall et al., 2013).

The frequency and significance of CPM are relevant to
NIPT because cffDNA is believed to originate primarily
from nonviable trophoblasts. CPM could result in either FP
or FN NIPT results. It has been suggested that viable
pregnancies with Edwards (trisomy 18) or Patau (trisomy
13) syndrome may have a substantial euploid cell line in the
trophoblasts (Kalousek et al., 1989; Schuring-Blom et al.,
2001), and therefore NIPT could fail to detect some viable
trisomic cases in which there is a substantial population of
abnormal cells in the fetus but not in the placenta
(Fig. 24.9C and D). This would lead to an apparent FN
result by NIPT. Conversely, the trophoblasts may be mostly
abnormal and the fetal cells normal, leading to an apparent
FP result (Fig. 24.9B and F). Moreover, if chromosomally
abnormal trophoblasts were more likely to undergo
apoptosis, NIPT could preferentially identify cases in

which the proportion of abnormal cells in the placenta is
low. Therefore as NIPT tests are expanded to include
additional chromosomes or chromosomal regions, the issue
of erroneous results due to CPM is likely to become
increasingly important.

For those cases that do show true fetal mosaicism
(Fig. 24.9C and E), the phenotype can be highly variable
but will generally be less severe than that present with the
nonmosaic abnormal karyotype (Benn, 2010). Although the
proportion of abnormal cells in the amniotic fluid or cho-
rionic villi can be a poor guide to phenotype in individual
cases, in general, a high proportion of abnormal cells is
associated with an adverse pregnancy outcome (Wallerstein
et al., 2000). NIPT tests that only present a result cate-
gorically as either “positive” or “negative” cannot provide
any information about the proportion of abnormal cells or
clinical severity. Furthermore, since some of the clinical
trials have specifically excluded mosaic cases and opti-
mized their Z-score cutoff on the basis of nonmosaic cases,
testing is presumably biased toward not detecting mosaic
cases.

In a singleton pregnancy that had a vanishing twin, it is
theoretically possible that apoptosis of cells from the feto-
placental remains of the nonviable fetus could interfere with
the cffDNA result; there is a relatively high chance that the
fetal loss would have been associated with aneuploidy, and
this could lead to an FP result (Futch et al., 2013).

Maternal conditions should also be considered as
possible biologic explanations of NIPT-fetal discordant
results. These include constitutional maternal aneuploidies,
most likely involving sex chromosomes, and conditions
with intrinsic genomic alterations, such as solid tumors
(Osborne et al., 2013).

The initial report of a maternal sex chromosome aneu-
ploidy (SCA) occurred in a completely normal 25-year-old
pregnant woman whose NIPT results were consistent with
triple X (Yao et al., 2012). Amniocentesis revealed a fetal
46,XX karyotype; her infant was normal. The maternal
blood karyotype showed full 47,XXX. Her presentation
emphasizes the wide range of phenotypic variability with
the SCAs. SCAs, especially mosaic cases, are likely to be
underappreciated clinically. The possibility of their identi-
fication through NIPT requires discussion during
counseling.

24.8 NONINVASIVE PRENATAL TESTING
IN THE CLINICAL SETTING

There is clear evidence that in singleton pregnancies the
performance of screening for trisomy 21 by cffDNA
testing is superior to that of all other methods combining
maternal age, first- or second-trimester ultrasound find-
ings, and first- or second-trimester serum biochemical
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analysis. Additionally, the test can be carried out at 10e
11 weeks’ gestation, with the advantage of providing
early reassurance for the majority of parents that their
fetus is unlikely to be trisomic and, for the few with an
affected fetus, the parents have the option of an earlier
and safer termination of pregnancy (Gil et al., 2013;
Quezada et al., 2015).

NIPT could be implemented into this testing pipeline in
one of three ways: as a replacement for serum screening, as
an intermediate step between screening and invasive pro-
cedures, or as a replacement for invasive testing. A sensi-
tivity analysis in which the factors contributing to the
overall costs of four different cffDNA screening policies
has been published by Cuckle et al. (2013). However, ac-
cording to Gil et al. (2015), there are essentially two op-
tions in the clinical implementation of cffDNA analysis of
maternal blood in screening for trisomy 21: routine
screening of the whole population and contingent screening
based on the results of first-line screening by another
method, preferably the first-trimester combined test (Gil
et al., 2015). The two major limitations of cffDNA testing
as a potential method for universal screening are the high
cost of the test and the rate of failure to provide a result.
According to Gil et al. (2014, 2015), both of these problems
can be overcome by the use of cffDNA testing, depending
on the results of the first-trimester combined test contingent
screening which would lead to a very high DR and a very
low invasive testing rate at a considerably lower cost than
compared with carrying out cffDNA testing as a first-line
method of screening. In cases of failed cffDNA testing,
pregnant women can rely on the results of the combined
test in deciding in favor or against invasive testing. This
strategy would also retain the advantages of first-trimester
testing by ultrasound and biochemistry, including accu-
rate pregnancy dating, early detection of many major fetal
defects, and prediction, with the potential of prevention, of
a wide range of pregnancy complications, including pre-
eclampsia and preterm birth (Nikolaides, 2011; Nikolaides
et al., 2012).

As in traditional prenatal testing, lethal trisomies 18 and
13 have been included in NIPT, although studies on
cffDNA testing suggest that the performance of screening
for trisomies 18 and 13 may be worse than that of the
combined test (Gil et al., 2015). Large studies utilizing the
first-trimester combined test have reported that the use of
risk algorithms for each of the three trisomies results in
DRs of about 90% for trisomy 21% and 95% for trisomies
18 and 13, with an increase in FPR of only 0.1% above the
FPR of about 4% in screening for trisomy 21 alone (Wright
et al., 2014). Although the reported DR of the two tests is
similar, it is likely that the true DR of the cffDNA test will
be lower if the cases in which the test fails to give a result
are included. Furthermore, the differential increase in FPR
by including these trisomies in a screening strategy aimed

primarily at detecting trisomy 21 is considerably higher
with cffDNA testing than with the combined test.

Since both trisomy 13 and trisomy 18 pregnancies are
highly likely to have abnormalities detectable by ultrasound
investigation and will spontaneously abort between
12 weeks and term, the main concern remains for FP and
FN trisomy 21 results. Taking into consideration the inci-
dence of trisomy 21 in the general population and the
incidence of true fetal mosaicism type V, the number of FN
trisomy 21 cases is estimated to be approximately 1 in
100,000 NIPTs (Koumbaris et al., 2016). Also, assuming
that at least 70% CPM is needed in order to produce an FP
trisomy 21 result, the FP trisomy 21 rate would be
approximately 1 in 13,000. Although these figures are very
low, it is most important to be aware of the genetic phys-
iology of the placenta and the limitations it imposes on
NIPT when contemplating its integration into safe clinical
prenatal care.

As for NIPT of SCA, it is debatable whether it should
be offered, because it generally results in a phenotype
which is mild, without physical or intellectual disability.
The only exception is the lethal type of monosomy X
(Turner syndrome), which presents with a very large nuchal
translucency (NT) during the first trimester or cystic
hygroma/hydrops during the second trimester; in such cases
the investigation of choice would be invasive testing for
fetal karyotype evaluation, including subchromosomal
analysis with microarray, rather than cffDNA testing for
assessment of risk for 45,X. Another reason for not offering
SCA NIPT is that the FPR is high, because CPM is frequent
in this type of aneuploidy (Gardner et al., 2012).

24.9 COUNSELING AND ETHICAL ISSUES

For any NIPT, caution is needed when it comes to genetic
counseling in order to avoid misunderstandings concerning
diagnosis. The counseling of women who are considering
NIPT is challenging. The range of cytogenetic abnormalities
currently detectable through cffDNA testing is smaller than
that detectable by conventional karyotyping and substan-
tially less than that achievable through microarray testing.

In the absence of public health policies that define
testing strategies, each high-risk woman who previously
would have made a decision about amniocentesis or CVS
and karyotyping will now need to choose between no
testing, NIPT, invasive testing with conventional cytoge-
netics, or invasive testing with microarray testing. These
women will need to be counseled carefully regarding the
complex benefits and hazards associated with each option.

As long as NIPT is used to only test for Down syn-
drome and trisomies 18 and 13, introducing this new test
will result in detecting fewer chromosomal abnormalities
than the traditional approach, and this must be carefully
explained to the woman (Petersen et al., 2014). Some of
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these additional findings are serious conditions, not all of
which will come to light with the second-trimester fetal
anomaly scan. Although the risk of missing a clinically
relevant abnormality is actually quite low (with an esti-
mated range between 1:1600 and 1:4000) (Verweij et al.,
2014), it has been suggested that the benefits of NIPT
may not outweigh the loss of these extra findings at the
stage of invasive follow up (Benn et al., 2011). The
availability of professional guidelines can greatly facili-
tate counseling by clarifying which processes are scien-
tifically valid and clinically acceptable standards of care
(Benn et al., 2013).

The available NIPT for aneuploidy is so far only pro-
vided by private companies. It is important to develop an
understanding of the potential harms and benefits of intel-
lectual property, which is grounded in stakeholders’ per-
spectives and the regulatory and legal environment.
Understanding intellectual property and commercialization-
related barriers to clinical adoption and patient access early
in the translation pathway can guide policies to ensure the
efficient implementation of NIPT and appropriate access by
all patient populations (Agarwal et al., 2013).

There is an ongoing debate on ethical and policy issues
related to NIPT, and both the European and American
Human Genetics Societies have contributed to setting
future guidelines for NIPT (Dondorp et al., 2015).

24.10 FUTURE APPLICATIONS OF
NONINVASIVE PRENATAL TESTING

Commercially available NIPT methodologies present high-
accuracy classification results. However, NIPT-positive
results should be confirmed by invasive amniocentesis, as
CPM and other rare molecular events may provide false
results. This means that a probability is given for each
condition investigated, and depending on whether the
pregnancy is assessed as being high risk or not, the couples
are counseled to proceed with confirmatory invasive diag-
nostic testing, usually fetal karyotyping after an amnio-
centesis. FP results lead to unneeded invasive procedures,
posing an undesirable risk of pregnancy loss, while FN
results may lead to the birth of an abnormal child. There is
an argument that FN NIPT results for trisomy 18 or 13 are
unlikely to result in the birth of an abnormal child, because
both syndromes are most likely to present with serious
ultrasound findings during pregnancy. Conversely, cases
with trisomy 21 (Down syndrome) may not have any in-
dications throughout the pregnancy, and consequently,
NIPT FN trisomy 21 fetuses are more likely to be born
(Smith et al., 2014). However, as it has already been
mentioned, the number of FN trisomy 21 cases is estimated
to be approximately 1 in 100,000 NIPTs (Koumbaris et al.,
2016), making the test near diagnostic when all necessary

methodology requirements are met and appropriate bio-
logical parameters are taken into account.

If NIPT is treated as a replacement for current
biochemical screening tests, the resulting risk could be
combined with that derived from ultrasound markers such
as NT measurement and others. The combined NIPTe
ultrasound risk for fetal aneuploidy may provide a safer
screening strategy compared to that offered to most couples
today (Wright et al., 2015). The future aim is to eventually
avoid invasive procedures and evolve NIPT (testing) into
NIPD (diagnosis).

Methodologies based on NGS are extremely powerful.
Besides detecting whole chromosome aneuploidy, they
have the potential to detect smaller chromosomal imbal-
ances, allowing for microdeletion/microduplication syn-
drome NIPT (Hahn et al., 2011). However, although NIPT
is already commercially available for the detection of a
certain number of microdeletion/microduplication syn-
dromes, further validation studies are needed (Benn and
Cuckle, 2014). Taking into account the vast amount of data
that NGS is capable of producing, it could potentially be
combined with other methodologies to generate noninva-
sive fetal WGS (Lo, 2013). As impressive as this may seem
at present, it is quite possible that this will materialize in the
near future.

24.11 CONCLUSIONS

The pace of NIPT is unprecedented in clinical laboratory
medicine. The past years have seen rapid advances in fetal
genomic analyses from maternal plasma, and this will
hopefully translate equally rapidly to advances in patient
care. The field began to develop with the discovery of
cffDNA in the maternal plasma in 1997 (Lo et al., 1997).
This was followed by the discovery of placental DNA
methylation markers on chromosome 21 for the develop-
ment of an epigenetic test for fetal trisomy 21 in 2006
(Chan et al., 2006). In 2007, digital PCR for NIPT for
trisomy 21 was described (Fan and Quake, 2007), while the
development of fetal aneuploidy testing by massively par-
allel sequencing (MPS) in 2008 (Chiu et al., 2008) paved
the way for the implementation of NIPT for fetal aneu-
ploidy as a clinical service in 2011 (Palomaki et al., 2011,
2012; Bianchi et al., 2012; Norton et al., 2012). All studies
to date indicate that NIPT produces lower FPs and higher
positive predictive values than serum screening. Since a
major objective in the field of prenatal testing is the
reduction of the number of unnecessary invasive proced-
ures, NIPT can significantly reduce procedure-related los-
ses while maintaining high DRs. It provides clinicians and
prospective parents with a powerful tool to help them make
informed decisions regarding the need for an invasive
procedure, without posing any risk to the pregnancy.
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The clinical impact of NIPT has been significant, as indi-
cated by its quick adoption in prenatal care. The extent to
which it can be applied as a universal screening tool for
trisomy 21, 18, and 13 depends mainly on assay accuracy, a
low number of nonreportable tests, and cost. One survey
indicated that clinicians believe that NIPT will someday
replace conventional screening procedures (Haymon et al.,
2014). With further advances in technology and reductions
in costs, it is possible that noninvasive prenatal genome-
wide analysis will play an increasingly important role in
the future practice of prenatal medicine.
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Chapter 25

Genetic Testing and Psychology

S.R. Brand and A.F. Patenaude
Dana-Farber Cancer Institute, Boston, MA, United States

25.1 INTRODUCTION

The Human Genome Project (HGP), completed in 2003,
provided the first comprehensive sequence of a human
genome. This huge international cooperative effort pro-
duced a tool of enormous importance to basic scientists,
clinical researchers, clinicians, and, ultimately, patients. A
great deal has been learned about basic biology from the
HGP, including the fact that humans have only about
20,000 protein-coding genes, many fewer than originally
estimated. However, the most interesting challenges lie
ahead (Feero et al., 2008). With the human genome
sequence readily available to all, the challenge is to
“capitalize on the immense potential of the HGP to improve
human health and well-being” (Collins et al., 2003).

Genetic advances are continuing to change the practice
of medicine in significant ways. Next-generation
sequencing technologies, which include whole-genome
and exome sequencing, are becoming more available in
hospitals and laboratories throughout the world. The costs
associated with genetic testing and even genome
sequencing have dropped dramatically (Phimister et al.,
2012). Genomic medicine is increasingly being integrated
into primary care, increasing its accessibility dramatically
(David et al., 2015).

In 2003, the United States National Human Genome
Research Institute put forth a blueprint for future genomic
research. The second of three major challenges, “Genomics
to Health,” involved the translation of “genome-based
knowledge into health benefits.” The goals were to:

l “Identify genes and pathways with a role in health and
disease, and determine how they interact with environ-
mental factors,

l Develop, evaluate, and apply genome-based diagnostic
methods for the prediction of susceptibility to disease,
the prediction of drug response, the early detection of

illness, and the accurate molecular classification of dis-
ease, and

l Develop and deploy methods that catalyze the transla-
tion of genomic information into therapeutic advances”
(Collins et al., 2003).

It is argued that the achievement of these lofty aims is
dependent on psychological factors in a variety of ways.
Whether patients are willing to participate in genetic
research, whether they opt to undergo genetic counseling or
testing to determine if they have an increased disease risk,
whether they are willing to adopt screening or surveillance
recommendations targeted to those known or suspected of
being at high risk, and whether they opt for prophylactic
surgery depend in large measure on emotional, attitudinal,
and behavioral factors. The recruitment of appropriate,
diverse patients for genetic research studies will necessitate
an improved understanding of what patients bring to ge-
netic counseling or testing from their own family experi-
ence with illness, their perception of disease risk, and their
attitudes toward genetics research and the medical com-
munity. Individuals from different ethnic and cultural
communities vary widely in their attitudes toward genetics,
genetic testing, and genetic medicine, and more information
is needed to optimally counsel an increasingly diverse pa-
tient population in cancer genetics.

Subjective feelings play major roles in determining how
people respond to situations they consider threatening.
Research suggests that individuals often act on the basis of
subjective feelings about their disease risk, even after
receiving counseling that informs them that their risk per-
ceptions are overestimates of actual risk (Iglehart et al.,
1998). How can such responses be modified to be in tune
with actual risk? What kinds of counseling techniques need
to be developed to guide patients toward selecting one of
the appropriate choices for mutation carriers? How can
people who are found to be at an increased hereditary risk
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but who do not heed surveillance or screening recom-
mendations be educated? How can people be helped to
make optimal personal decisions about prophylactic sur-
gery, often the risk-reduction option that conveys the
greatest protection against developing disease but at a
significant emotional cost? What is known about how in-
dividuals in high-risk families communicate about heredi-
tary disease predisposition with their relatives?

Much of the ultimate success of the HGP in improving
human health rests on whether individuals, suspected or
known to be at risk for hereditary illness, feel sufficiently
comfortable with the use of genetic technology and with the
emotional impact of genetic information to make use of the
revolutionary advances that the HGP has made possible.
This chapter attempts to summarize what is currently
known about psychological factors as they affect in-
dividuals and families with concerns about hereditary pre-
dispositions to illness.

With the advent of genetic testing, first for Huntington’s
disease (HD) and over the past several decades for several
types of cancer, we have been able to observe reactions to
the increased availability of genetic information in in-
dividuals from hereditary disease families. Going forward,
there will increasingly be studies of the psychosocial
impact of genetic counseling and testing for a broadening
range of disease genes. In the United States and in several
other countries, studies of the ethical, legal, social, and
psychological impacts of genetic testing have been under-
taken simultaneously with molecular studies of the human
genome. It is critical to learn under what circumstances
genetic advances improve people’s lives and health as well
as understanding under what circumstances adverse out-
comes result from participation in genetic research, genetic
counseling, and/or genetic testing.

25.2 GETTING TO THE TEST:
AWARENESS, ACCESS, AND
ADVERTISING

25.2.1 What Tests Are There?

One major change involves the clinical uptake of panel
testing (Slavin et al., 2015). An increasing number of
mutations have been identified which predispose to com-
mon cancers, making panel testing possible and, in many
cases, efficient and cost-effective. For example, with panel
testing, a woman concerned about her hereditary risk for
breast cancer might be tested not only for the breast/ovarian
cancer gene mutations that were first identified but also for
several dozen or even more genes with lower penetrance
(Easton et al., 2015) (e.g., CDH1, which is associated with
breast, gastric, and colorectal cancer; PTEN, which causes
breast, thyroid, uterine, colorectal, and kidney cancer; and
STK11, which is associated with colorectal, breast, small

bowel, pancreatic, and ovarian cancers). Panel tests replace
the only previous option (sequential genetic testing) to find
the underlying cause of a hereditary predisposition disor-
der. Panels may be specific for genes that are associated
with breast cancer or Lynch syndrome or for a range of
pediatric cancer genes. Panel testing may be helpful in
identifying genetic mutations that were not clearly indi-
cated by family history. They can, however, greatly in-
crease the element of surprise in the receipt of test findings
in comparison with single gene testing. The psychological
impact of informing individuals about carrying hereditary
predisposing mutations that were not among those previ-
ously considered or considered likely is still being evalu-
ated. Because there are so many genes on a single panel, it
is difficult in pretest counseling to seriously consider and
discuss the whole range of results that may be found and
their medical and psychological implications. As panel
testing is increasingly in use, more work is needed to
identify the psychological risks of such testing and to train
genetic counselors and others to help patients consider the
impact of unanticipated findings that may result from panel
testing.

Similarly, genomic sequencing is increasingly being
incorporated into clinical medicine and carries with it
similar risks of unanticipated and potentially unwanted
findings. Various professional bodies have identified ge-
netic mutations that are clearly deleterious and actionable,
and advice has been offered about which findings need to
be shared with tested individuals, if they are willing to
receive this information (Robson et al., 2015). With
genomic sequencing, there is also a risk that mutations may
be found that have major unexpected or unanticipated im-
plications for relatives, sometimes more so than they do for
the tested individual, so that sharing of the information with
family members is strongly advised. Genomic sequencing
also makes known genetic mutations that predispose to
adult-onset cancers, for which children are not traditionally
tested, often with complicated consequences. For example,
it may be that sequencing of the tumor of a 6-year-old
pediatric cancer patient reveals a mutation in a BRCA1
mutation, which is subsequently also seen on the 6-year-old
patient’s germline sequencing. In this case, it would be
critical that the parents be informed and the mother tested to
see if she is also a carrier of a BRCA1/2 mutation to learn if
she is at a significantly higher than average risk of both
breast and ovarian cancer. Hence while the power of ge-
netic and genomic tests has increased remarkably, so, too,
have the ethical and psychological issues that should be
considered.

25.2.2 Genetic Testing

Genetic testing was first performed in research settings and
offered to members of families known to have had unusual
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numbers of affected individuals (i.e., individuals diagnosed
with a disease or diseases of hereditary etiology). Members
of these families tended to have been aware for a long time,
sometimes several generations, about the unusual concen-
tration of disease in their families. Many were from families
with extremely high concentrations of hereditary cancer,
since it was the most affected families who first came to the
notice of clinicians and disease registries. Family members
had often observed multiple early deaths from the disease
in their family and had grown up fearing that this would be
their fate as well.

Cancer genetic testing has moved beyond the research
setting into clinical testing, with some advising population
screening for BRCA1/2 (Manchanda et al., 2015; Lu, 2015).
Clinical testing makes it likely that individuals with less
extensive family histories of disease will be tested and also
more likely that genetic testing occurs in closer proximity
to the cancer diagnosis. The impact of this change has not
yet been fully evaluated, but research to date suggests that
patients view such testing favorably (Wevers et al., 2012;
Zilliacus et al., 2012), and major, long-term psychological
problems have not been reported to date (Manchanda et al.,
2015). Genetic testing at diagnosis increases the uptake of
prophylactic mastectomy among mutation carriers (Weitzel
et al., 2003; Schwartz et al., 2004). Patients who elect
contralateral prophylactic mastectomy (CPM) after
“upfront genetic testing” do not experience more distress
than patients who do not undergo CPM in the year
following a breast cancer diagnosis (Tercyak et al., 2007).

Some companies offer patients direct access to test kits
via the Internet (Williams-Jones, 2003), which raises sig-
nificant issues among professional groups and ethicists
about assuring that individuals undergoing testing are
sufficiently educated about the implications of learning their
test results and that the testing offers sufficient
privacy protection (Edwards and Huang, 2014; Geransar and
Einsiedel, 2008). Changes in physician behavior may result
from increased patient requests as a result of the advertising
of these “direct to consumer” tests (Myers et al., 2006).

Genetic testing does not supply all the answers patients
wish to have. There are very real limitations to what genetic
testing can tell patients about the likelihood they will develop
the disease in question. A positive test result for a gene that is
less than 100% penetrant does not indicate for certain that the
mutation carrier will ever develop the disease or when it will
occur. In some cases, a single genetic mutation predisposes
the individual to a number of related diseases; testing usually
will not indicate which disease the person will develop or
whether they will develop more than one disease within the
syndrome of diseases to which they are predisposed. Cancer
genetic testing is, after all, a trade of the uncertainty about
whether one is a mutation carrier for the uncertainty, in the
event that the test is positive, about which cancers might
appear and when they will emerge.

25.2.3 Access to Testing

Access to genetic testing is not equally available to all.
Full-sequence testing for cancer genes costs several thou-
sand dollars, and patients may opt not to bill the costs to
their health insurance, either because it is not a covered
service in all plans or because patients are reluctant to share
test results with their insurer for fear of later discrimination.
In the United States, passage of the Genetic Information
Nondiscrimination Act prevents health insurers from
rejecting healthy individuals or raising health insurance
premiums on the basis of personal or familial genetic pre-
dispositions. It does not, however, cover life, disability, or
long-term care insurance (Hudson et al., 2008). In countries
with a national health insurance system, discrimination is
not an issue for health insurance. However, access to ge-
netic services may be limited by rationing of the number of
genetic tests offered in a geographic region during a
particular time period and/or very strict criteria for test
eligibility. These practices may result in long waits for
testing or may exclude patients with less extensive family
histories.

Minority populations are likely to be particularly hin-
dered in their access to genetic testing for a variety of
reasons, including cost, a lack of minority genetics pro-
fessionals, and a lack of non-English language educational
materials. A 2011 review (Levy et al., 2011) of a US na-
tional sample of 14.4 million commercially insured patients
showed marked discrepancies in the genetic testing expe-
rience of 1474 young women (ages 20e40) diagnosed with
early-onset breast cancer. Understandably, given the well-
known founder mutations for BRCA1/2, Jewish women of
Ashkenazi descent were nearly three times more likely to
receive genetic testing than non-Jewish women in this
cohort, and women of color were much less likely to be
tested. The hazard ratios were 0.34 for black women and
0.52 for Hispanic women. The type of insurance also
affected testing rates; women in health maintenance orga-
nizations were significantly less likely to get testing than
women in point of service plans.

25.3 INDIVIDUAL FACTORS
INFLUENCING THE UTILIZATION
OF GENETIC TESTING

Complex psychological factors govern an individual’s up-
take of genetic testing and the use he or she makes of the
information received. Personal experience with a family
member who has had the disease in question and possibly
died from it is likely to impact one’s perception of personal
risk, disease-related anxiety, and the desire to avoid a
similar outcome. Other factors, including general person-
ality characteristics, can affect how actively a person seeks
to confront knowledge of personal, hereditary disease risk
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and to undertake actions designed to prevent or detect
illness. Increasing knowledge of these factors enables re-
searchers and counselors to develop more effective genetic
counseling and follow-up techniques and to better advise
both patients and medical providers.

25.3.1 Risk Perception

Members of high-risk cancer families typically greatly
overestimate their risk for developing cancer (van Oostrom
et al., 2006; Kash et al., 2000). Those who have lost a
parent to the disease are especially likely to overestimate
the risk that they, themselves, will develop the cancer their
parent died from. In an English study of women referred for
genetic counseling to a Cancer Family History Clinic, 70%
could not cite the population risk for breast cancer, but 76%
perceived themselves to be at higher than population levels
of risk for breast cancer (Hallowell et al., 1998). A study by
Zakowski et al. (1997) found that women undergoing
mammography screening (but with no abnormal findings)
whose mother had died of breast cancer estimated their
lifetime risk of developing breast cancer as 70% versus the
53% risk estimate of women undergoing mammography
who did not have a mother die of breast cancer and the 32%
risk estimate of similarly aged women in the general pop-
ulation not undergoing mammography studies. All of these
figures significantly overestimate breast cancer risk; the
lifetime risk for breast cancer for a woman in the United
States general population is about 10%. Having a first-
degree relative with breast cancer raises that risk from 1.7
to 5 times (Offit and Geffen, 1998) but not to 70%.

Similarly, the experience of deaths of close relatives due to
an hereditary nonpolyposis colorectal cancer (HNPCC)-related
cancer increased risk perception among HNPCC family mem-
bers (Domanska et al., 2007). In families with an identified
mutation in BRCA1/2 or an HNPCC-related gene, the age at
which a parent was diagnosed with cancer had a significant
effect on offspring risk perception in both groups. Individuals
who, in their elementary school years or earlier experienced
having a parent with cancer, reported higher levels of perceived
risk compared to those whose parents had cancer during their
adolescent or adult years (van Oostrom et al., 2006).

A high perceived risk of cancer is a source of motiva-
tion for seeking genetic counseling or testing, although
high-risk perception may also be accompanied by anxiety,
which deters some individuals from accepting counseling
or testing (McInerney-Leo et al., 2006). Genetic testing
provides objective information about a cancer risk and is, in
most studies, an important factor affecting risk perception.
Given that many women come to BRCA1/2 genetic testing
with high perceptions of their own breast cancer risk, the
receipt of a positive test result indicating that one is a
carrier may not significantly raise risk perception
(McInerney-Leo et al., 2006). Young women who are

carriers are particularly likely to have their risk perception
increase following genetic testing that shows them to be
carriers, but the level of risk they perceive may decrease
with time (Watson et al., 2005). For BRCA1/2 mutation
carriers, perception of their risk for ovarian cancer is likely
to increase following the receipt of a positive test result
(McInerney-Leo et al., 2006; Cherry et al., 2013). Those
found to be negative for a known familial mutation are
likely to have decreased risk perception (Watson et al.,
2005; Schwartz et al., 2002; Claes et al., 2005). Interest-
ingly, for BRCA1/2 mutation carriers, lower perceived risk
prior to testing predicted lower anxiety scores after
receiving positive results (Bredart et al., 2013).

Similarly, perceptions of risk among carriers of genes
conveying an increased predisposition to colon cancer in-
crease following the disclosure of positive test results, but
there are even larger, significant increases among carriers
following result disclosure in perception of their risk for
extracolonic cancers (Hadley et al., 2008). One review
found that while multiple studies have demonstrated an
improvement in the accuracy of risk perception after ge-
netic testing, such improvement is not universal (Nelson
et al., 2014). Genetic counseling and testing are particularly
important, then, in notifying members of high-risk cancer
families about their risk for cancers other than those that
have primarily affected family members previously. It is
important to note that the relationship between perceived
risk and risk management decisions is not always direct
(Hoskins et al., 2012). Multiple studies have suggested that
it is the counselee’s recollection and interpretation of the
information presented by genetic counselors, as opposed to
the actual genetic information provided, that best predicts
behavioral outcomes of genetic testing (Vos et al., 2011,
2012a,b).

25.3.2 Distress

Genetic counseling has not been shown to increase distress
in high-risk individuals (Nelson et al., 2014; Bleiker et al.,
2013). Multiple studies have described the impact of a
positive BRCA1/2 testing result in the year following the
testing, with most showing that BRCA1/2 mutation carriers
experience higher levels of distress compared to the non-
carriers in the first months following testing but that dif-
ferences attenuate over the first year (Hamilton et al.,
2009). Similar patterns have been found in individuals
undergoing genetic testing for Lynch syndrome (Bleiker
et al., 2013).

However, only a few studies have examined the tra-
jectory of distress for longer than the first year, and more
longitudinal studies are needed to fully understand the
impact of testing on distress over time. A longitudinal study
prospectively examining psychosocial outcomes following
BRCA1/2 testing found that 5 years after testing, women
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who were mutation carriers continued to report higher
levels of genetic testing distress than women who were not
carriers (Graves et al., 2012). These findings may reflect the
family disruptions that can occur in relation to hereditary
disease that may continue to cause distress even after the
initial shock of diagnosis has dissipated and suggest a need
for ongoing psychosocial support in these families of note,
the use of specific measures of genetic testing distress may
be more sensitive to salient aspects of distress for a
particular population, compared to more global measures of
distress used in other studies (Cella et al., 2002).

In many studies, there is a subgroup of tested in-
dividuals who do experience significant disease or testing-
related distress. The experience of cancer in a close relative
has been linked to higher levels of distress, with some
participants indicating distress specifically linked to painful
memories of family members who had the familial disease
(Turner-Cobb et al., 2006; Butow et al., 2005). Having a
parent with cancer during one’s childhood is associated
with an increased risk for psychological distress when un-
dergoing cancer genetic testing as an adult (van Oostrom
et al., 2007). Other risk factors for increased psychological
distress among individuals undergoing predictive genetic
counseling have been identified and include being female
(Vernon et al., 1997), having high levels of distress prior to
counseling (Murakami et al., 2004), a lack of social support
(Lammens et al., 2010), and having a previous cancer
diagnosis (Douma et al., 2010).

Early work has shown that cognitive emotional factors
can also be related to distress around hereditary disease
risk. Miller et al. (1995) distinguished two styles of
coping with threatening information. Monitors are those
who tend to focus on the threat, to actively seek infor-
mation related to the threat, and to have difficulty
perceiving that all has been done that could be done to
cope with the threat. Blunters, in contrast, are individuals
who naturally try to avoid or shield themselves from
threatening information. It has been shown that anxiety
during the wait for genetic testing results is higher among
women who are high monitors (Tercyak et al., 2002),
suggesting that these women may need extra support
while awaiting their results. Similarly, an Israeli study of
individuals undergoing colon cancer genetic testing found
that monitors were more distressed than nonmonitors,
especially when they received indeterminate or positive
results (Shiloh et al., 2008). In addition, one review found
that monitors tended to be more demanding of their
healthcare providers in terms of the desire for information
and emotional support (Roussi and Miller, 2014).
Cognitive style also appears to influence participation in
screening; the targeting of screening and surveillance
recommendations according to the patient’s cognitive
style may be important to maximize participation (Miller
et al., 1995; Roussi et al., 2011).

25.3.3 Health Beliefs

Misconceptions can affect one’s ability to realistically
evaluate the increase in risk imposed by being a mutation
carrier and can also affect one’s thinking about the value of
screening, surveillance, or prophylactic surgery options.
There are many misconceptions about inherited cancer risk,
even among those at increased risk. For example, daughters
of living BRCA1/2-positive mothers have been shown to
have suboptimal genetic knowledge with significant mis-
conceptions, including when it is possible to undergo ge-
netic testing, which cancers are associated with BRCA1/2
mutations, and whether breast cancer in BRCA1/2 mutation
carriers occurs at earlier ages than breast cancers in the
general population (Patenaude et al., 2013a).

It has been shown that when high-profile celebrities
disclose health information, there is a significant impact on
the public’s awareness and understanding of that disease or
condition. Angelina Jolie’s announcement in the New York
Times in 2013 that she had undergone a prophylactic
double mastectomy after testing positive for BRCA1 (Jolie,
2013) led to a dramatic increase in online searches about
breast cancer and genetic testing (Noar et al., 2015),
including a 795-fold increase in views of the preventative
mastectomy fact sheet on the National Cancer Institute’s
webpage (Juthe et al., 2015). At least one study demon-
strated a sustained effect of her public disclosure on re-
ferrals for genetic counseling and testing. Evans and
colleagues examined referral data to breast cancer family
history clinics and regional genetics centers in the United
Kingdom and found an almost 2.5-fold increase in referrals
in the first 2 months following Jolie’s announcement. In
addition, requests for BRCA1/2 testing almost doubled
during this period, with no apparent increase in the number
of inappropriate referrals (Evans et al., 2014).

Different ethnic or cultural groups may have different
beliefs and hold different values related to medicine
generally and to genetics more specifically. African
Americans, Hispanics, and Asians often are found to have
lower perceived cancer risks than Whites (Davis et al.,
2013; Orom et al., 2010) and are less willing to undergo
molecular testing for personalized cancer therapy, even if
the results could be used to guide their own therapy (Yusuf
et al., 2015). Nonwhites continue to have significantly
lower rates of BRCA1/2 testing uptake compared to their
white counterparts (Levy et al., 2011). The unfortunate past
history of ethical infringements on African Americans’
rights in early experimentation for sickle cell disease,
another genetic condition, may help explain why African
Americans participate in genetic studies at an even lower
rate than their participation in medical research generally
(Royal et al., 2000). In addition, medical mistrust has been
shown to impact how African American women engage in
genetic counseling and testing (Sheppard et al., 2013). The
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fact that there are very few African American genetics
professionals may contribute further to the hesitancy of
African Americans to undergo genetic testing (Halbert
et al., 2006). Research is ongoing on how to approach
African American and other minority populations about
genetic testing (Bravo et al., 2014), but much remains to be
learned about the factors responsible for the lack of
involvement of minorities in genetic medicine to date.

It is also important to consider cultural health beliefs,
although this topic has been understudied in the literature.
One study found that immigrants were only one-third as
likely to report a family history of cancer as nonimmigrants
in a health survey of 5586 households in the United States,
controlling for sociodemographic and cancer knowledge
variables. Since a family history of cancer is an important
factor affecting referral for genetic counseling and testing,
this finding, which may relate to diminished knowledge of
family history and/or to customs in the native country
enforcing silence and secrecy about cancer diagnoses, may
help explain the lower uptake of genetic services by in-
dividuals from ethnic minorities (Orom et al., 2008). It is
not acculturation per se, but rather the strength of family
beliefs and an openness of communication about cancer in
the family that influence attitudes (Kenen et al., 2004;
Barlow-Stewart et al., 2006; Werner-Lin, 2007). Cultural
beliefs may also affect decision making about the uptake of
risk-reduction options. Den Heijer et al. compared the at-
titudes about prophylactic mastectomy among physicians in
France, Germany, the Netherlands, and the United
Kingdom and found significant international variations,
with the physicians from the Netherlands and the United
Kingdom reporting more positive attitudes toward pro-
phylactic mastectomy (Den Heijer et al., 2013).

25.3.4 Health Behaviors

While a 2002 Australian study suggested that after women
were informed that they are BRCA1/2 mutation carriers
they were less likely to adhere to mammogram recom-
mendations (Meiser et al., 2002), a French study found a
significant uptake in screening practices after genetic
testing (Maheu et al., 2012). A large population-based
study utilizing a familial breast registry found that high-
risk women with a greater perceived risk of developing
breast cancer were more likely to have had a mammogram
in the past 12 months and were more likely to practice
breast self-exams once a month or more compared to par-
ticipants who rated their risk as average or below average
(Zhang et al., 2011).

Colon cancer screening compliance among the general
population is lower than that for breast cancer, and studies have
shown that populations at high risk for colon cancer are still not
compliant with recommended screening (Lin et al., 2013).
However, similar to the trend noted in breast cancer screening,

there does appear to be an uptake in appropriate screening
practices following genetic counseling for Lynch syndrome
(Burton-Chase et al., 2013). One new randomized control trial
demonstrated that a relatively brief but tailored intervention for
individuals at high risk for colorectal cancer significantly
increased screening adherence (Lowery et al., 2014).While this
research is promising, much more research is needed regarding
ways to mobilize subgroups of high-risk individuals who
continue to be nonadherent to screening recommendations.

25.4 GETTING THE GENETIC TEST
RESULTS: PERSONAL IMPACT AND
PROFESSIONAL COMMUNICATION

The disclosure of a genetic test result is a moment of high
drama. It is a moment of importance not only for the indi-
vidual patient present and his or her spouse, but it also has
implications for children, born and unborn, and grand-
children. There may also be implications, though less
directly, for siblings, cousins, and other relatives. It may be
the end of many years of wondering if one has a hereditary
predisposition, or it may come as the response to a relatively
recent education about hereditary illness, in some cases oc-
casioned by a recent cancer diagnosis. Some results are more
definitive than others. Learning that one is truly freed from
the family curse by virtue of a true negative result can be a
moment of blissful relief. Learning, alternatively, that one is a
mutation carrier can answer for some people who have had
cancer the question of why they became ill. However, it also
opens upmany other questions about the subsequent risks for
the patient him/herself and questions about risk to offspring.
For unaffected patients, learning that they are mutation car-
riers can be a fearsome moment, conjuring images of ill or
deceased family members. These individuals often express
disappointment that they could not be released from their
cancer worry as they had imagined they would be if they had
tested negative. The intensity of their immediate, emotional
response often makes it difficult for patients to pay attention
immediately to the recommendations for mutation carriers
offered by the genetic counselor. For others, the result they
receive is indeterminate. This can be both disappointing, as
the answer is unclear, and relieving in that at least, for the
moment, a mutation was not found. The latter response is
somewhat irrational, since an indeterminate finding does not
assume that a mutation is not present but only that one could
not be found with present testing methods. In each case,
emotions are aroused, and often patients recount that little
was heard in the disclosure session beyond the result itself.

25.4.1 Testing Positive

The follow up of patients undergoing cancer genetic testing
has shown that extreme adverse psychological outcomes
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are rare (Hirschberg et al., 2015). Most patients who are
found to be carriers of deleterious mutations respond with
sadness but do not develop clinically significant symptoms
of distress. A metaanalysis of 20 studies on the emotional
consequences of predictive testing for BRCA1/2 mutations
conducted in 2009 found that while carriers’ anxiety and
cancer-specific distress increased immediately after
receiving genetic testing results, the effect sizes were small
and dissipated over time (Hamilton et al., 2009). Similar
patterns were shown in individuals undergoing genetic
testing for Lynch syndrome, with multiple prospective
studies showing either no change in psychological distress
or short-term increases in distress, with no long-term psy-
chosocial effects of testing and with scores not reaching a
clinical significance (Bleiker et al., 2013).

Qualitative studies that have explored the experience of
teens and young adults who undergo predictive genetic
testing have shown that the emotional outcomes of the
disclosure often do not directly correlate with the testing
results. Many of those who tested positive reported harms
associated with the results, including witnessing distress in
their parents, their own negative emotions, and concerns
about the implications for future life, but they also indicated
benefits, such as experiencing relief from uncertainty, being
able to move forward with their lives, and strengthened
friendships and family relationships (Duncan et al., 2008;
Godino et al., 2015).

Disease status also affects psychological outcomes. The
ability to correctly anticipate the level of one’s emotional
reaction to a forthcoming event is thought of as a predictor
of good adjustment to that event. In a study of women
tested for BRCA1/2, some of whom had had cancer and
some who were unaffected (i.e., had not had cancer), the
cancer patients found it significantly more difficult to
anticipate their emotional reaction following disclosure
(Dorval et al., 2000). Cancer patients tended to feel that
learning that they were mutation carriers would not be as
eventful for them as it turned out to be. An underestimation
of the emotional impact of disclosure was associated with
significantly increased distress levels 6 months later.

25.4.2 Testing Negative

In both HD and cancer genetic testing outcome studies, a
subset of individuals with negative test results have been
found to experience moderate levels of distress (Den Heijer
et al., 2013; Bakos et al., 2008). These paradoxical re-
actions were largely unanticipated by researchers. Relief is
prominent in the reactions of most individuals testing
negative, although many (but not all) say they also feel
guilty toward family members who have had the disease or
who are mutation carriers (Macrae et al., 2013). In addition,
many noncarriers describe that their experience of dealing
with the burden of the disease does not end when they test

negative, as they must still cope with the new diagnoses of
other family members, and some continue to endorse
moderate levels of cancer-specific worry (Macrae et al.,
2013). More extreme negative reactions have occasionally
been seen in individuals who are significantly distressed
after learning that they are not mutation carriers due to
regret for having lived so many years with the expectation
of becoming ill and of having foregone opportunities for
further education or other experiences because of that, now
proved faulty, expectation (Huggins et al., 1992).

Another unexpected reaction of individuals testing
negative for mutations in cancer genes or being told that
their cancer risk is not sufficient to recommend genetic
testing has been an unwillingness to accept the recom-
mendations. Some find it difficult to give up the increased
screening they had received before testing, when it was
thought they could be mutation carriers. A study of female
noncarriers from BRCA mutation-positive families found
many underwent unnecessary mammography and ovarian
ultrasounds compared to the general population (Dorval
et al., 2011). Contrary to popular belief, anxiety has not
been found to be associated with overscreening (Milhabet
et al., 2013). However, in unaffected noncarriers of the
BRCA1/2 mutation, overscreening has been shown to be
associated with feelings of vulnerability (Milhabet et al.,
2013). Individuals testing negative for familial andenoma-
tous polyposis have, in some cases, stated their reluctance
to discontinue the early and more frequent colonoscopic
screening recommended for those at high risk, stating
insufficient trust in the genetic test result (Rhodes et al.,
1991; Bleiker et al., 2003). Of note, many studies have
found that subjective risk perception, not cancer risk based
on family history, is associated with overscreening behav-
iors (Bleiker et al., 2013; Zhang et al., 2011).

25.4.3 Variants of Unknown Significance

There has been increased attention on individuals who
receive a test result that shows them to have a variant of
unknown significance (VUS). A VUS is an alteration in
the normal sequence of a gene, the significance of which is
currently unclear. As many as 40% of women who un-
dergo BRCA1/2 testing receive a test result of VUS (Tung
et al., 2015). Miscomprehension and difficulty interpreting
what a VUS means appear to be common (Hanoch et al.,
2014; Richter et al., 2013) and may be higher in women
with lower levels of education (Richter et al., 2013). This
can have significant implications regarding distress,
screening, and future psychological and physical health.
Targeted educational interventions could help ensure an
appropriate comprehension of testing results. Variants
can, with time, be found to have clearer negative or pos-
itive significance. It is unclear to what extent patients
understand this. Mechanisms for future contact with tested
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patients who initially received VUS results often lack
specification, so many patients may fail to gain important
subsequent information about their risks. Research has
also shown that VUS or inconclusive negative results are
less likely to be communicated by women tested for
breast/ovarian cancer genes to their sisters than more
definitive positive or true negative results, likely due to
difficulties describing and communicating the ambiguity
of VUS results (Patenaude et al., 2006).

25.5 FAMILY COMMUNICATION

Genetic medicine is family medicine. Genetic professionals
advise patients to consider carefully the ramifications of
genetic information on other family members, and we
continue to rely largely on tested probands to educate
family members about hereditary risks. Both before and
after genetic testing, there are reasons why open commu-
nication with family members about a family history and
hereditary risk may be advisable. In order to provide the
medical information genetics professionals require to
calculate the risk that an individual carries a mutation, it is
often necessary to talk to relatives about which family
members were affected by which disease at what ages and
with what outcomes. Women are typically the keepers of
such family information (Green et al., 1997). Because of
the many premature deaths in families with hereditary
illness, there are often gaps in knowledge about the family
history. Individuals seeking genetic counseling may have to
talk to relatives with whom they ordinarily have little
contact in order to complete the family history to a point
where the counselor will have enough information to
calculate risk.

Gathering family history information in order to create a
family illness pedigree may require talking to relatives on
both sides of the family, which sometimes includes un-
comfortable contacts with long-lost relatives. Family tra-
ditions may include not talking very directly about illness,
and doing so may open old emotional wounds. Some
family members are completely estranged, making the
completion of a full pedigree impossible. Because the
hallmark of hereditary illness is the involvement of multiple
generations of family members, family issues tend to sur-
face more readily with regard to genetic testing than in
other kinds of medical endeavors. Since cancer genetic
testing is now much more frequently conducted on in-
dividuals with a less striking family cancer history, gath-
ering accurate information about cancers that did occur is
even more crucial.

The relevance of one person’s genetic information to
other family members can set up difficult alliances or the
tendency to avoid relatives with whom one is not
comfortable discussing highly personal information, such
as a genetic test result. The inaccuracy of family

information can affect the genetic professional’s ability to
correctly analyze the likelihood that there is a hereditary
predisposition to disease in a particular family. The docu-
mentation of the age of onset of a disease is particularly
important in such determinations, since, in many cases, an
early age of onset is a hallmark of hereditary illness. Also,
knowledge of exactly which cancers a family member had
may be critical, as cancer syndromes link certain cancers to
hereditary mutations. There is more confusion about some
cancers than others. Knowledge about breast cancer within
a family, for example, tends to be more accurate than colon
cancer, which may be confused with other gastrointestinal
cancers (Glanz et al., 1999; Schneider et al., 2004). These
reports suggest the need to verify diagnoses from medical
records of the family members, if possible, as part of the
genetic counseling process.

Although most inaccuracies are due to misconceptions
or unintentional errors, there are rare occasions when
family embarrassment about illness or other factors lead to
a deliberate falsification of the family history (Evans et al.,
1996). Another risk of gathering family history data is the
risk of uncovering misassigned paternity; that is, that the
putative father of a child is not, in fact, the biological father.
Patients should be helped to understand that the experience
of searching for family history data is, in some cases, more
emotional and/or upsetting than anticipated.

Once genetic test results are available and disclosed to
the patient, considerations about the implications of the
result for other family members come into play. Genetics
professionals recommend quite strongly that results be
shared with family members, especially when screening
recommendations likely would be influenced by the genetic
information. For example, if a man in his 50s is found to be
a mutation carrier for HNPCC, it would be important for his
children to know that they should initiate colonoscopy
screenings at age 25, not at age 50, as recommended for the
general population. Similarly, if the man is negative, his
children could use that information to decide that they do
not require colonoscopy until they are 50 years of age.

In most cases, information about genetic testing is readily
shared, but this is not universal. There are rifts in many
families that prevent parents, children, and siblings from
communicating about difficult subjects such as health risks.
Some do not talk at all. Divorce, disgruntlement, and
embarrassment can all inhibit or prevent an open discussion of
such mutually relevant medical information. Other family
crises, including disease-related deaths, may impede an im-
mediate disclosure and discussion of genetic test results. It can
be difficult to decide how and when to inform relatives. Since
the testing of children for adult-onset disorders is generally
discouraged, except when the results would influence an up-
take of a preventive option that would begin in childhood,
parents often wonder when or how they should share their test
results with their young children. Early research in this area,
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however, has shown that it is the family’s style of commu-
nicating generally that typically governs whether and when
children are told (Tercyak et al., 2002). In BRCA1/2 families,
two-thirds of minor children are told their mother’s test result
within a few months after disclosure (Tercyak et al., 2013).
Negative or uninformative results are more likely to be shared
with minor children than positive results, and teenage children
are more likely to be told than younger children. Telling
seems to relieve most parents who feel that they have dis-
charged an important parental duty (Patenaude et al., 2013b).
There are many suggestions that parents would value a de-
cision aid in preparing to talk to their children and answer
their questions (Patenaude et al., 2013b).

Some family members do not wish to know about their
own or others’ genetic test status. This can raise problems,
especially when that family member is a twin or an obligate
carrier of a mutation identified in another relative. Some
family members are fearful that telling a relative could be
quite upsetting and bring back unpleasant memories or
arouse feelings of guilt for having passed on a deleterious
mutation. Males continue to lag in the receipt of results of
others in the family (Patenaude et al., 2006; Montgomery
et al., 2013; Vadaparampil et al., 2012). In a study designed
to assess family communication and test uptake among
relatives of individuals of lower socioeconomic status and
greater diversity than those typically studied, it was shown
that tested individuals of African American and Asian/Pa-
cific Islander descent were less likely to disclose genetic
test results to their relatives, and the relatives were less
likely to be tested than were relatives of Caucasian, higher
socioeconomic status probands (Fehniger et al., 2013). The
communication of test results in families affected by Lynch
syndrome shows lower rates of communicating than for
BRCA1/2 test results (Menko et al., 2013).

Providers need help in advising patients about the
communication of results to family members. As the ge-
netic component of many diseases is recognized, the
complexity of such communication will increase. Both
patients and providers will find it valuable to utilize aids
to communicate complicated genetic information to rela-
tives, but this will not replace the need for sensitive
patienteprovider communication and awareness of the
complex psychological responses that the dissemination
of genetic information within a family can evoke (Rupert
et al., 2013).

25.6 FUTURE CHALLENGES:
COMPLEXITY AND DIVERSITY

Genetic testing and genomic sequencing promise to add
many layers of complexity for both patients and providers
going forward. The number of genes we can test for are
likely to increase faster than our ability to clearly interpret

the results. While to date we have tested largely for genes
where we understand the penetrance and the range of dis-
eases caused by the deleterious mutation, this is much less
likely to be the case in future testing. This raises issues of
enormous complexity for providers trying to explain the
potential value of testing and to interpret results for
perplexed patients. In turn, it becomes much more difficult
for patients, to whom we still entrust the task of informing
relatives, to faithfully convey the meaning of a test result
they (and possibly their providers) do not fully understand.
The need for educational aids will grow inversely; the less
we know clearly, the more patients will need help
explaining what a genetic test or genomic sequence tells us
about our health risks.

Technology is likely to play a larger role in genetic
testing and counseling. Telephone counseling and result
delivery are increasing (Kinney et al., 2014; Sie et al.,
2014). Internet access is fast replacing face-to-face
contact for pedigree gathering and psychoeducational
intervention. It will be important that we do not lose the
ability to listen to the patient and to convey the
necessary sense of empathy and long-term commitment
to supporting and educating patients in the process.
There will always be a need for a sympathetic and
respectful clinician who can help patients make links
between their family history, their genetic risk, and the
possibilities of reducing adverse outcomes of hereditary
predisposition (McClellan et al., 2013).

Genetic medicine holds great promise for identifying
individuals at an increased disease risk and for treating
patients with greater efficacy and fewer side effects through
pharmacogenetics. Patient education about genetics will
necessitate having well-informed, well-trained, culturally
competent professionals to address the different genetic
counseling, medical, and psychological questions that will
arise (Weitzel et al., 2011). It is a challenge for pro-
fessionals to educate themselves about this rapidly chang-
ing field. In discussing and delineating the risks and
benefits of genetic testing, it will also be important to
discuss the psychological factors governing the patient and
family response to genetic information. It is only when
patients feel empowered and not threatened by such in-
formation that they can make optimal use of the advances
in genetic medicine.
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26.1 INTRODUCTION

The advent of genomics and related technologies has
revolutionized mainstream medical practices (McCarthy
et al., 2013). The advent of genome-wide studies has
catalyzed the translation of genomic findings into health
care (Mardis, 2011). New technologies, particularly next-
generation sequencing (NGS) approaches, are being adop-
ted by diagnostic laboratories and hospitals in the United
States and Western Europe. In terms of regulation, several
guidelines from the United States Food and Drug Admin-
istration (http://www.fda.gov) and the European Medicines
Agency (http://www.ema.europa.eu) are being announced
regarding the translation of genomic medicine into the
clinic.

However, genomic medicine is implemented at a
different pace when developing and resource-limited
countries are considered. In these countries, significant
barriers exist, which often relate to limited resources and a
lack of technology and knowledge transfer. As such, the
potential of genomic medicine is often hardly understood
by biomedical scientists and healthcare professionals.
Considering that approximately 85% of the world’s popu-
lation lives in developing/resource-limited countries, access
to genomic medicine becomes fundamental. Today, there
have been some examples from the successful

implementation of genomic medicine in developing coun-
tries in Europe and Asia that rely on several related and
intersected disciplines (population genomics, pharmacoge-
nomics (PGx), informatics, and public health genomics).
We feel that the examples described in the following relate
to the previously mentioned disciplines and can serve as
model cases toward the implementation of genomic medi-
cine in resource-limited environments.

26.1.1 Euro-PGx Project: A European-Wide
Pharmacogenomics Map

In Europe, PGx is implemented in the various health sys-
tems at a rather heterogeneous pace. This is due to the lack
of harmonization of the national guidelines within Europe
and, most importantly, differences in resource availability
(Mitropoulos et al., 2011). Furthermore, taking into account
that the pharmacogenomic biomarker allele frequencies in
various European populations are hardly known, it be-
comes challenging to define the actionable pharmacoge-
nomic biomarkers on which drugedose recommendations
will be set. The Euro-PGx project (http://www.goldenhelix.
org/index.php/research/pharmacogenomics-in-europe) fo-
cuses on the determination of the varying pharmacoge-
nomic biomarker allele frequencies in a large number of
mostly developing European countries to produce druge
dose recommendations. Preliminary findings from a large-

a
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scale genotyping effort using the Drug-Metabolizing En-
zymes and Transporters Plus microarray (Affymetrix, Santa
Clara, CA, USA) suggest that several pharmacogenomic
biomarker allele frequencies vary significantly, despite the
strong Caucasian genetic component of the vast majority of
the European populations. Data access to the scientific
community is anticipated through the FINDbase database
(http://www.findbase.org) via the microattribution
approach (Giardine et al., 2011). The Euro-PGx project also
facilitates the organization of PGx educational activities in
various European countries (as of May 2016, 16 different
events have been organized in 10 European, mostly
developing, countries). These educational events, also
known as the Golden Helix PGx Days (http://
pharmacogenomicsdays.goldenhelix.org), aim to educate
healthcare professionals and increase PGx awareness.

26.1.2 Implementation of
Pharmacogenomics in Clinical Settings

In Southeast Asia, particularly Taiwan, the associations of
the HLA-B*1502 allele with Stevens-Johnson Syndrome/
Toxic Epidermal Necrolysis (SJS/10) upon carbamazepine
administration (Chung et al., 2004) as well as that of the
HLA-B*5801 allele with allopurinol-induced severe cuta-
neous adverse reactions (Hung et al., 2005) support the
value of PGx in tailor-made therapeutics. A large clinical
study that confirmed the benefit of HLA-B*1502 screening
to prospectively identify subjects at genetic risk for the
previously mentioned condition (Chen et al., 2011) led the
Taiwanese government to begin reimbursing the screening
costs in 2010.

Today, several PGx biomarkers have been found to be
correlated with interindividual drug efficacy and/or toxicity.
Nevertheless, health professionals often lack genomics
education, so it is urgent to make PGx knowledge readily
available in a user-friendly format. The DruGeVar database
(http://drugevar.genomicmedicinealliance.org) (Dalabira
et al., 2014) was developed to serve as an online knowledge
portal for clinical PGx with the aim of triangulating
drugsegenesePGx biomarkers (those approved by regu-
latory agencies) (Fig. 26.1).

In Southeast Asia, a pharmacogenomic card has been
proposed to record patients’ pharmacogenomic biomarkers.
Similarly, the Ramathibodi Hospital in Thailand has
launched a “PGx” wallet card. The latter summarizes pa-
tients’ HLA gene variant information to predict the risk of
developing SJS/10 (Borchers et al., 2008). Such PGx cards
could be readily expandable toward tailor-made therapeu-
tics (Fig. 26.2).

In Latin America, the Iberian American Network of
Pharmacogenetics and Pharmacogenomics (RIBEF),
created in 2006, aims to promote collaborative PGx
research. RIBEF, which consists of 43 research groups and
more than 200 researchers, aims to promote scientific
studies among its members as well as the clinical imple-
mentation of PGx to support the healthcare needs of
neglected populations. RIBEF teaching programs and hu-
man resources training activities include over 400 events all
over Latin America. Moreover, the RIBEF network de-
velops research projects that include Iberoamerican popu-
lation PGx studies. The Consorcio Europeo e
Iberoamericano de Farmacogenética de Poblaciones Con-
sortium (CEIBA) was established among the RIBEF
members for this purpose. The MESTIFAR project aimed
to determine the variability of polymorphisms in genes
involved in the response to drugs in populations of different
ethnic origin (Native Americans [Amerindian] and
Mestizos [the result of post-Columbian admixture]). In
addition to population PGx, RIBEF has projects that relate
to clinical PGx in Neurology, Psychiatry, Cardiovascular,
and/or Infectious Diseases, resulting in a total of 31 sci-
entific articles being published so far.

In Africa, a disproportionate burden of disease is
observed (HIV/AIDS, tuberculosis, and malaria) against a
backdrop of an increasing burden of noncommunicable
diseases (Niemz et al., 2011). Genomic data have supported
the notion that several genetic variants can provide an
increased resistance or susceptibility to HIV infections
(Sirugo et al., 2008). Notably, a huge variability has been
evident regarding the pattern of genetic variations in the CYP
genes among African populations. The latter was translated
into differential drug responses (Dandara et al., 2014).

In the Middle East, particularly the United Arab Emir-
ates (UAE), PGx research was initially conducted on
erythrocyte glucose-6-phosphate dehydrogenase deficiency
(G-6-PD) and its association to drug-induced hemolytic
anemia (Bayoumi et al., 1996) and later arylamine N-
acetyltransferase (NAT2) (Woolhouse et al., 1997).
CYP2D6 allele frequencies were also investigated in the
Emirati population, reporting four novel CYP2D6 variants
(Qumsieh et al., 2011), while a warfarin PGx study is under
way for the Emirati population (Fortina et al., 2014; Al-
Jaibeji et al. unpublished). These studies sparked an inter-
est from Dubai Hospital toward the integration of PGx
information for chemotherapeutic agents, while the UAE
Health Authority policy of reporting adverse drug reactions
in the UAE requires expert pharmacogenomic recommen-
dations within the first 24 h related to each adverse drug
reaction reported (Abu Dhabi). PGx awareness is gaining
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FIGURE 26.1 DruGeVar database. (A) Overview of data entries (colored boxes) on the basis of Microsoft’s PivotViewer and Silverlight technologies. The querying interface, by which the user can
further exploit the database content, is shown on the left. (B) Display items that correspond to a variant of interest in relation to drug toxicity (red sign at the bottom left of the item Dark Gray in print
versions) or efficacy (green sign at the bottom left of the item Light Gray in print versions).
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ground in Middle Eastern countries, such as Saudi Arabia
(Abu-Elmagd et al., 2015), Oman (Pathare et al., 2012),
Lebanon (Ossaily and Zgheib, 2014), and Qatar (Elewa
et al., 2015).

26.1.3 Mapping of Stakeholders in
Genomic Medicine

The genomic medicine puzzle is comprised of several key
players and stakeholders, and notably, their genomics
awareness and views vary significantly. A systematic
mapping of those views and different awareness levels
would positively impact a better understanding of the pol-
icy environment as well as the role of the relevant key
stakeholders in the field. Mitropoulou and coworkers un-
dertook such an initiative and assessed the level of support
or opposition to PGx and genomic medicine in Greece

(Mitropoulou et al., 2014). Similarly, an analysis is
currently underway in Middle Eastern countries to deter-
mine the stakeholders and their views.

The smooth incorporation of genomic medicine into
clinical practice is hindered by insufficient genomics edu-
cation and a lack of genomics awareness among healthcare
professionals and the general public (Reydon et al., 2012).
The low genomic literacy of the broader public (and pa-
tients) is especially challenging for public health genomics
as well as health literacy (Syurina et al., 2011). On top of
this, genomics education is not uniformly provided in the
various academic institutions worldwide (Pisanu et al.,
2014; Mai et al., 2014). Such studies might provide a basis
for harmonizing PGx education in southeast European
countries with those of northwest European countries to
create a smoother and more timely integration of PGx into
mainstream medical practice. In Latin America there are

FIGURE 26.2 “Pharmacogenomics (PGx)” wallet card that assists in clinical decision making. The card shares information regarding the phar-
macogenetics test ordered (HLA-B genotyping) and its outcome (HLA-B*58:01/15:02). Pharmacogenetics data interpretation informs the clinician about
the associated risk of allopurinol, carbamazepine, and oxcarbazepine treatment. Such a pharmacogenomic card has been successfully implemented in
clinical practice in Thailand at the Laboratory for PGx, Somdech Phra Debaratana Medical Center, Ramathibodi Hospital.
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very few postgraduate programs focusing on genomics
(Palacios and Collado-Vides, 2007). In Africa, the high cost
of genomic services and low private investment are com-
pounded by a relatively low level of medical professionals
with an understanding of genomics (Wonkam et al., 2006).
An attempt in sub-Saharan Africa to triangulate the views
of multiple stakeholders related to prenatal diagnosis of
sickle cell disease showed several discrepancies that signal
potential value-based conflicts and can usefully inform
future policy actions (Wonkam and Hurst, 2014). In fact,
African-based scientists are participating in studies
focusing on the genomics of monogenic diseases (Mercier
et al., 2013; Mtatiro et al., 2014; Wonkam et al., 2014;
Wonkam, 2015) and multifactorial conditions (Tekola
Ayele et al., 2012). These data are concretely assisting the
effective practice of genomic medicine that is well estab-
lished in South Africa (Beighton et al., 2012), in some
Northern African countries (Chaabouni-Bouhamed, 2008;
El-Beshlawy et al., 2012), and recently initiated in Central
Africa (Wonkam et al., 2011). Regional initiatives, such as
the Southern Africa Human Genome Project (Pepper,
2011), have been boosted by international funding agencies
and academic institutions through major programs, such as
the Malaria Genomic Epidemiology Network (http://www.
malariagen.net), the Human Heredity and Health in Africa
program (H3Africa Consortium et al., 2014), and the Af-
rican Genome Variation Project (Gurdasani et al., 2015).

Latin America populations are characterized by high
and heterogeneous levels of admixture that arises from their
history and corresponds to different patterns of mating
between Native American, European, and African in-
dividuals (Ruiz-Linares et al., 2014). The National Institute
of Genomic Medicine was built in Mexico with public
funds (Jimenez-Sanchez et al., 2008), having several pub-
lications in the fields of population genomics and medical
genomics (Silva-Zolezzi et al., 2009; Moreno-Estrada et al.,
2014). Brazil and Colombia have also successfully imple-
mented genomic approaches for the study of several human
diseases with a high epidemiological impact in those
resource-limited countries (Passos-Bueno et al., 2014;
Ortega-Recalde et al., 2014; Pinto et al., 2015; Benitez
et al., 2010), while the availability of commercial tests by
service providers abroad has been considered to be funda-
mental toward the implementation of genomic medicine.

26.1.4 Advent of Next-Generation
Sequencing in Genomic Medicine

The advent of NGS technology has marked the beginning
of a new era in the analysis of human genome sequences
(Hodges et al., 2007; Albert et al., 2007; Shendure and Ji,
2008; Gnirke et al., 2009; see also Chapter 9). Before NGS,
Sanger sequencing was widely used for screening, even

though analyses involving numerous genes or large
genomic regions were particularly challenging, e.g., a read
length encompassing up to 700 base-pairs (bp) per reaction.
The NGS approach allows for the simultaneous analysis of
millions of bp in only hours, facilitating large-scale ex-
plorations of the human genome (McCarthy et al., 2013).
Successful screening attempts focus on researching novel
recessive disease-related sequence variants, particularly
those caused by homozygous mutations as well as mono-
genic dominant Mendelian disorder. NGS has not been
widely used for some complex pathologies in which several
variants might contribute toward the phenotype, because
data analysis highlights a remarkable complexity, espe-
cially for simultaneous interactive network exploration.

Three main approaches are employed, which depend on
the length of the genome region being analyzed: whole-
genome sequencing (WGS), whole-exome sequencing
(WES), and custom target sequencing microarrays (TSMs)
(McCarthy et al., 2013). WGS is mainly used for research,
whereas WES and TSM are used for both research and
diagnostic purposes. Although most academic and private
technological platforms for the previously mentioned are
located in high-income countries, resource-limited coun-
tries have performed interesting studies by using NGS
outsourcing services (Pinto et al., 2015; Benitez et al.,
2010; Diggle et al., 2012). Innovative diagnostic ap-
proaches have also been proposed for pathologies with
overlapping phenotypes caused by several genes (Pinto
et al., 2015; Benitez et al., 2010). Knowledge of the ge-
nomes of mammalian species has enabled large-scale
comparative genomic approaches, resulting in dissecting
loci related to evolution mechanisms, which may contribute
to human diseases (Prada and Laissue, 2014). Complex
pathologies, such as female infertility, have also been
explored via NGS (Fonseca et al., 2015).

26.1.5 Is Genomics-Guided Therapy Cost-
Effective?

Genome-based drug treatment is expected to reduce na-
tional healthcare expenditures. In resource-limited coun-
tries in particular, which in many cases have vast fiscal
deficits, the economic evaluation of PGx is fundamental
(Snyder et al., 2014).

Although the field of economic evaluation in genomic
medicine, PGx, and public health genomics is currently in
its infancy, several studies indicate that genotype-guided
therapy can be cost-effective and of a high cost benefit.
Focusing on resource-limited countries, initial economic
evaluation studies in the Thai population indicated that
HLA-B*1502-guided carbamazepine treatment is cost-
effective compared to conventional treatment and can
reduce carbamazepine-induced severe adverse drug
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reactions (Rattanavipapong et al., 2013; Grosse, 2008).
Similar findings were reported for the Singaporean popu-
lation, when the cost-effectiveness of HLA-B*1502 geno-
typing in adult patients with newly diagnosed epilepsy was
assessed (Dong et al., 2012).

Another study to evaluate cost-effectiveness of warfarin
treatment in Croatian elderly ischemic stroke patients with
atrial fibrillation indicated that PGx-guided warfarin treat-
ment represented a cost-effective therapy option for the
management of those patients (Mitropoulou et al., 2015).

26.2 CONCLUSIONS AND FUTURE
PERSPECTIVES

When resource-limited environments are considered,
genomic medicine can only be implemented via a stronger
collaboration in genomics research between developed and
developing/resource-limited countries, which is likely to
create benefits for all parties. Developing countries will
benefit from training opportunities, knowledge transfer,
and/or expanding transnational networks, and developed
countries may benefit through comparative work and
multicenter projects on families with rare diseases and/or
unique clinical features Fig. 26.3 (Cooper et al., 2014).

Developing countries may suffer from limited re-
sources, but they are also potential-rich in producing data
(in the context of genomic medicine-related disciplines,
from the perspective of public health genomics). We feel
that the success stories presented in this chapter set the
paradigm for replication in other countries to acquire more
and better insights toward the implementation of genomic
medicine and harmonizing the strategies and policies if a
fast and smooth adoption of genomic medicine practices
occurs in the various national healthcare systems.
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27.1 GENETICS LITERACY AND THE
PUBLIC UNDERSTANDING OF GENETIC
TESTING

27.1.1 Defining Genetics Literacy

Education policy documents in all industrialized societies
consider science literacy to be a main goal for education.
For instance, the science standards in several European
Union member states (Eurydice Network, 2011) and the
United States (National Research Council, 2012) suggest
that future citizens literate about science, need to acquire
the necessary scientific knowledge, as well as to be able to
understand the challenges of science in society and the
interaction between them. Literacy about genetics is a de-
mand of our times because contemporary genetics research
raises a growing number of socio-scientific issues regarding
our understanding of health, behavior, and identity.
Therefore, a main goal for science education should be to
educate future citizens who will be literate about genetics.1

But what exactly does literacy about genetics consists of?
Roughly put, people need to develop two distinct compe-
tencies for this purpose: (1) They need to understand how
genetics research is conducted and what kind of knowledge
it produces, and to be able to use this knowledge in ex-
planations; and (2) they need to develop argumentation
skills to be able to argue for and make decisions about
socio-scientific issues relevant to genetics (based on Rob-
erts, 2007, pp. 729e730). Thus, literacy about genetics
includes knowledge about DNA, genes, chromosomes, and
patterns of inheritance, as well as about the process and

methods of science, etc.; it also includes knowledge about
argumentation and decision making relevant to ethical
questions related to all kinds of genetic diagnosis, as well as
to information about individuals and privacy issues.

These two competencies may seem to be distinct in
principle, but at least in the case of genetics they are related.
Research in science education seems to suggest that the
ability to engage in reasoning about socio-scientific issues
relevant to genetics and gene technologies depends on
understanding the relevant science content. For example, in
a study with undergraduate students it was found that those
with a more advanced understanding of genetics exhibited
higher-quality reasoning about gene therapy and cloning
scenarios and were more likely to incorporate content
knowledge in their reasoning, compared with participants
with a lesser understanding of genetics (Sadler and Zeidler,
2005). In another study with junior secondary students, it
was found that the ability to engage in reasoning about
applications of gene technology (gene transfer, genetic
screening, and patenting) was strongly influenced by the
ability to recognize key issues, which in turn required some
understanding of the relevant science (Lewis and Leach,
2006). Finally, in a study that investigated how high school
students, college nonscience majors, and college science
majors with advanced genetics knowledge applied genetics
content knowledge in justifying claims relative to gene
therapy and cloning, science majors did better than the
other groups in terms of the quality of their justifications,
which were in turn based on specific science content
knowledge (Sadler and Fowler, 2006).

These results may not suggest that genetics content
knowledge is a sufficient condition for reasoned discussion
on socio-scientific issues relevant to genetics, yet they
suggest that it is a necessary one. In other words, to make1. In this chapter, the term “genetics” is used loosely to refer to all kinds of

research on biological inheritance, including genomics.
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informed decisions about genetic testing and the use of data
collected through that, it is important that people become
aware of what kind of data are collected, how they can be
used, what problems may occur along the way, and what
conclusions can be drawn from them. As discussed in more
detail subsequently, people often have unreasonable ex-
pectations about genetic testing and its conclusions. For
example, in the case of forensic DNA evidence, a myth
about the infallibility of this method has become prevalent
despite various cases of serious mistakes and wrong con-
clusions (Thompson, 2013). Therefore, it is necessary to
examine the quality of understanding of genetics among the
public to evaluate whether people have the necessary (but
not sufficient) conditions to develop literacy about genetics.
Although members of the public should be able to rely on
the advice of health care professionals, it is also necessary
for them to be able to understand what conclusions can and
cannot be drawn from genetics tests.

27.1.2 Public Understanding of Genetic
Testing

Reviews of studies on the public understanding of and at-
titudes toward genetics have revealed several problems.
Overall, the general public in so-called developed countries
seems to have a relatively high awareness of genetics. In
particular, several studies have concluded that most people
are familiar with core concepts of genetics, such as genes
and heredity, and that they understand that human diseases
have both genetic and other causes. However, it seems that
people do not have a clear and stable understanding of
geneeenvironment interactions, that they have little
knowledge regarding the details of how genes are impli-
cated in the development of traits or of genetic testing
procedures, and that they rely on their experiences and
models of social relationships to estimate outcomes.
Furthermore, whereas it seems that attitudes toward genetic
testing for predisposition to disease are highly favorable,
these arise in part from the belief that testing allows for the
control of health. People have the expectation that genetic
tests may provide definite answers, e.g., that one is or is not
at risk for a particular condition, whereas they also conflate
other kinds of testing with genetic testing. However, in-
terest in genetic testing decreases when the probabilities of
having the disease associated with the allele are less than
100% and treatment for the disease is not available. Finally,
only a few studies have addressed in detail the public un-
derstanding of and attitudes toward the risks associated
with genetic testing, with mixed results in studies on more
personal risks of genetic testing relevant to autonomy or
privacy, and in studies addressing testing in clinical rather
than research contexts (Condit, 2010a,b).

Another interesting finding is related to understanding the
risks of developing cancer, which is certainly a genetic but not

necessarily an inherited disease. In May 2013, actress
Angelina Jolie revealed that she had undergone a double
mastectomy for preventive purposes because she had been
found to carry a rare mutation of the BRCA1 gene and because
she also had a family history of cancer. A survey was con-
ducted in the United States with a representative sample of
2572 adults, who identified their sources of information for
this story and also described their understanding of and re-
action to it. Participants were asked hypothetical questions
regarding preventive surgery in the case of breast cancer,
while information about family risk for breast and ovarian
cancer was collected. Results indicated that whereas about
74% of participants were aware of the Angelina Jolie case and
about 48% could recall Jolie’s estimated risk of breast cancer
before surgery, fewer than 8% had the necessary information
to accurately estimate her risk of developing breast cancer
compared with a woman who did not carry the particular
BRCA1 mutation. It was concluded that participants in this
study considered a negative family history to be protective
against cancer, and that the Angelina Jolie story appeared to
confuse them about the relationship between a positive family
history and increased cancer risk (Borzekowski et al., 2013).

Not surprisingly, the public also does not seem to be
appropriately informed about the applications of direct-to-
consumer genetic (DTCG) tests and the conclusions that can
be drawn from them. A review of 17 studies on users’ per-
spectives on DTCG tests revealed a low level of awareness as
well as concerns about the reliability of these tests and privacy
issues. It should be noted, though, that only 2 of the 17 studies
reviewed involved actual users of such tests. Participants in
the reviewed studies raised two main concerns: privacy issues
and the nature of the results and their impact (Goldsmith et al.,
2012). Another study that compared how 145 individuals
from the general public and 171 genetic counselors interpreted
results from DTCG tests suggests that there are important
differences between them and that the general public may
misinterpret the results of these tests. This study also suggests
that at least some members of the public will need guidance to
understand the conclusions that can be drawn from their
DTCG test results (Leighton et al., 2012). Therefore, as these
genetic tests are widely available, the public should be
appropriately informed about their applications, the conclu-
sions that can be drawn from them, and the relevant ethical
issues (Kampourakis et al., 2014). It should not be assumed
that the public could interpret test results accurately.

This is important to keep in mind because the DTCG
companies themselves do not provide all of the information
necessary to potential users. An analysis of 29 health-related
direct-to-consumer websites examined whether their informa-
tional content (e.g., benefits, limitations), literacy demands
(e.g., reading level), and usability (e.g., ease of navigation) met
existing recommendations. The main conclusion was that most
sites provided information about the health conditions and the
markers for which they tested, the benefits of testing, the testing
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process, and their privacy policy. Most sites also listed at least
one benefit for consumers undergoing testing, the most com-
mon of which was that the test results can inform a health de-
cision. However, only 11 websites provided any scientific
evidence in support of their tests; furthermore, only 6 of those
cited the relevant scientific literature. Regarding limitations,
about half of the websites presented at least one limitation
related to testing, themost common one being that other factors
besides genes are important for estimating disease risk. Most
interestingly, about half of the websites mentioned that the
science underlying the tests is newand/or changing, but thiswas
not considered to be a limitation of the tests. Overall, it seems
that many users would struggle to find the important informa-
tion, understand it, and interpret the results of the respective tests
appropriately (Lachance et al., 2010).

27.1.3 Health Care Professionals’
Understanding of Genetic Testing

It should not be assumed that physicians and other health care
professionals could effectively advise the public about these
tests. For instance, a national US survey of 10,303 physicians,
a sample considered representative of the overall US physi-
cian population, indicated that only 29.0% of them had
received any education in pharmacogenomics and only 10.3%
felt adequately informed about pharmacogenomic testing. In
addition, less than 40% of them had recently ordered a test or
anticipated ordering a test soon. What these physicians
seemed to lack was knowledge about what tests are available,
when to use them, where to obtain them, how to interpret the
results, and how to apply them in individual cases (Stanek
et al., 2012). Another study involved 597 primary care phy-
sicians in the United States. The assumption behind this study
was that pharmacogenomics tests are primarily used by clin-
ical specialists. However, as the number of drugs for which
testing becomes available increases, more and more primary
care physicians will have to use such tests. It was found that
only 13% of primary care US physicians indicated that they
felt comfortable ordering such tests, and 16% reported that
they had received some formal education about pharmaco-
genomics. In addition, 20% had ordered a relevant test at least
once a year in the past (Haga et al., 2012). Finally, and
perhaps most interestingly, a study with 516 clinical geneti-
cists and genetic counselors indicated that even they might not
be prepared for pharmacogenomics counseling. Twelve
percent of genetic counselors and 41% of clinical geneticists
indicated that they had ordered or coordinated patient care for
pharmacogenomics testing. However, and although almost all
respondents had some education in pharmacogenomics, only
28% of counselors and 58% of clinical geneticists indicated
that they felt well-informed (Haga et al., 2012).

These findings have serious implications for the edu-
cation of physicians and geneticists who have an important

role in pharmacogenomics testing. To overcome the lack of
the necessary genetics education, health care professionals
should be given opportunities to acquire a better under-
standing of the relevant issues. Recommendations and ideas
for this purpose are already available: (1) increasing the
amount of content related to genetics and common diseases
as opposed to rare Mendelian diseases in the preservice
curriculum; (2) ensure that instruction is case-based and
reflects practical examples that demonstrate that genetics
matters on a daily basis and can improve patient outcomes;
and (3) develop continuing education programs (Gutt-
macher et al., 2007). That would be a first step. However, in
the long run, undergraduate medical training could be
revised to include information about recent advances in
genetics, whereas professional societies and health care
companies could have a positive role in providing physi-
cians with the information and guidelines they need.
Although it is important to train health care professionals
appropriately, we should not rely on that, but try to support
the public to develop the necessary genetics literacy.
However, it seems that there are a few crucial obstacles we
need to overcome to achieve this.

27.2 OBSTACLES TO GENETICS LITERACY
AND HOW THESE MIGHT BE
OVERCOME

27.2.1 Genetic Determinism: There Are
No “Genes for Traits”

A major issue when it comes to understanding genetics is
how people conceive of the roles of DNA and genes.
There is a wrong view, genetic determinism, that seems to
be widespread at least in formal education, and that
constantly refers to the existence of “genes for traits” (this
may not be the case in mass media portrayals of genetics)
(Condit et al., 1998; Nelkin and Lindee, 2004). According
to genetic determinism, genes invariably determine char-
acters and disease, so that the outcomes are just a little or
not at all affected by changes in the environment or by the
different environments in which an individual lives
(Beckwith, 2002; Kitcher, 2003). There are several plau-
sible reasons why genetic determinism is so prevalent.
Some of these are school courses in which teachers
consistently teach that genes determine some characteris-
tics, mass media headlines about discoveries of genes for
traits, and personal observations of the development of
characteristics that do not seem to be affected by the
environment (Moore, 2008).

Genetic determinism is a serious obstacle to a proper
understanding of genetics and its implications for society
(Jimenez, 2014). A comparative study of biology textbooks
from six countries has shown that they present genetics
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concepts in a way that does not take into account the reality
and complexities of development (Gericke et al., 2014).
Interestingly, even biology teachers may hold simplistic
and inaccurate views of genetic determinism, as a study
with teachers from 23 countries has shown (Castera and
Clement, 2014). Thus, it should not be a big surprise to find
out that people may finish high school possessing a naive
deterministic view of genetics. This is, for example, the
conclusion from a study of 500 high school students’ es-
says, submitted for a national contest, in which genetic
determinism was found to be a common conception (Mills
Shaw et al., 2008). Research on secondary students’ pre-
conceptions about genetics also suggests that these are
often difficult to overcome entirely during instruction
(Duncan and Tseng, 2011; Tsui and Treagust, 2007).
Regarding genetic determinism, secondary students often
map the information included in DNA at higher organiza-
tion levels than that of proteins. In other words, students
map the molecular (genotypic) level directly onto higher
levels (which may include that of the phenotype), over-
looking the important role of proteins and of all other
phenomena and mechanisms that result in the production of
phenotypes (Duncan and Reiser, 2007).

It seems that the idea of genetic determinism is intuitive. A
plausible explanation is that it stems from deep intuitions such
as essentialism. Essentialism is the idea that entities have es-
sences, i.e., underlying properties that are characteristic of them
(see Wilkins, 2013 for a conceptual analysis). Psychological
essentialism is the idea that the essences of organisms are fixed
and unchanging, and as such they characterize organisms
despite any superficial changes theymay undergo (seeGelman,
2003 for a detailed discussion and Gelman, 2004 for a review).
It has been suggested that essentialism has a strong impact on
people’s understanding of genetics. Genetic essentialism has
been defined as our tendency “to infer a person’s characteristics
and behaviors from his or her perceived genetic makeup” (Dar-
Nimrod and Heine, 2011; Nelkin and Lindee, 2004). In
particular, it has been suggested that genetic essentialism may
make people think of genetically influenced traits as un-
changeable and determined, consider the relevant genes as be-
ing the fundamental cause of the respective character, view
groups that share a genetic character as being homogeneous and
discrete from other groups, and perceive characters as more
natural if they are genetically determined (Dar-Nimrod and
Heine, 2011). It has alsobeen found that people tend to associate
genes implicitly (and thus unconsciously) with immutable fate
concepts (Gould and Heine, 2012). However, further research
on this topic is required.

As readers of this book certainly know, genome-wide
association studies have shown that the influence of sin-
gle genetic factors on disease is small. Even for traits that
run through families, the most probable candidate genetic
factors account just for a small percentage of the overall
inherited risk for a disease (Dermitzakis and Clark, 2009;

Visscher et al., 2012). It seems that more than associations
between DNA sequences and disease risk is required and so
scientists’ attention has turned toward understanding pro-
cesses and mechanisms, such as the complex subcellular
interactions among DNA, histones, and other molecules,
making the DNA transcript and not the gene the focus of
study (Stamatoyannopoulos, 2012). Given all this, and
although the concept of “gene” is used continuously by
researchers (who are well aware of what they are talking
about), it might be better to refrain from referring to
“genes” in the public discourse on genetics.

A viable alternative could be the concept of genetic
material that is broader and can incorporate the complex-
ities of developmental processes often overlooked in public
discourse. The public often fails to realize that genes can do
nothing outside their cellular contexts, and that the contri-
bution of genes cannot strictly be distinguished from the
contribution of their cellular and external environment.
Such problems can be addressed if discourse is about ge-
netic material, defined as “any nucleic acid with the pro-
pensity to be inherited and to interact with other cellular
components as a source of sequence information, eventu-
ally affecting or being implicated in cellular processes with
local or extended impact.” This concept refers to particular
macromolecules (DNA, but also RNA) that are related to
the development and inheritance of traits, is not limited to
particular functions because all functional parts of the ge-
netic material may be implicated in various phenomena and
phenotypes, and does not refer to contiguous DNA se-
quences because functional units may encompass different
parts of the genome (Burian and Kampourakis, 2013).

27.2.2 “Crime Scene Investigation”
Science: Portray an Authentic View of the
Nature of Science

It seems that the mass media have an enormous influence
on the public’s conceptions about science as a process and
about the kind of knowledge it produces, particularly when
it comes to genetics. For instance, it has been found that
even elementary schoolchildren consider TV shows to be
their main source of information about genes and DNA
(Donovan and Venville, 2014). This is especially impor-
tant, given that popular TV series such as CSI: Crime Scene
Investigation seem to advance an entirely unrealistic view
of what can be achieved in science laboratories. In this
case, such TV series impose a demand and a respect for
forensic science that is not supported by its actual validity
(Schweitzer and Saks, 2007). A detailed study of this show
concluded that the dominant message is that DNA testing is
common, swift, reliable, and instrumental in solving cases.
It was also found that the show presents DNA processing as
quick and easy, typically taking no more than a day to
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complete, whereas this process may actually take days,
weeks, or months (Ley et al., 2012). Most interestingly, it
has also been found that TV shows that impose a view of
science as certain enhance laypersons’ interest in it,
whereas those that impose a view of science as uncertain do
not have such an effect (Retzbach et al., 2013). Conse-
quently, if TV shows generally portray the conclusions of
genetics testing as definitive and certain, and if this view is
easily accommodated by the public, the latter will come to
have unrealistic expectations from genetics and genomics
and a wrong perception of the impact of the respective
knowledge on societal issues.

It has also been found that films may enhance students’
preconceptions about genetics, because the concepts conveyed
about the structure and properties of the genetic material as
well as its modification significantly overlap with students’
preconceptions (Muela and Abril, 2014). Perhaps the most
prominent example of how a film can serve as a reference
point to discuss the ethical issues related to genetic technol-
ogies is GATTACA. This film presents an imaginative future
in which, in contrast to the limited current use of human ge-
netic technologies, parents are willing to improve the genetic
makeup of their offspring. However, not everyone has access
to the respective genetic technologies, and as a result there are
two distinct groups of people: the dominant group of the
genetically modified and the oppressed group of the geneti-
cally unmodified. Interestingly, the film does not misrepresent
the potential of genetic technologies but rather warns that they
may cause problems if a genetic determinist ideology that sees
humans as the sum of their genes prevails in human societies.
However, the film falls short in taking into account the
problems of basing racial discrimination on differences in
genes, because it presents one group of people as genetically
inferior to another (Kirby, 2000, 2004).

Therefore, because TV series and films can influence
public perception of and expectations about genetics, it is
necessary to provide the public with a more accurate
portrayal of how science is done and what knowledge it
produces. Nowadays, one can easily find information about
historical figures and the “discoveries” they made in text-
books, or the World Wide Web. However, often these ac-
counts are distortions of how science has been or is
currently being accomplished, reinforcing inaccurate con-
ceptions. One of these is the implicit portrayal of science as
a lonely endeavor in which a single person is presented as
having been able to advance a whole scientific field. In
some of these cases, such as Isaac Newton, scientific
advancement was immediately achieved. In other cases,
however, scientific advancement was not possible because
the contemporaries of that individual were not able to un-
derstand the significance of his or her work because he or
she was ahead of his or her time. Gregor Mendel is perhaps
an exemplar of this stereotype. He is often presented as the
lonely pioneer of genetics who died in oblivion and whose

work was eventually recognized as laying the foundations
of genetics. In particular, textbook accounts suggest that the
study of genetics began with Mendel, that his studies were
published as early as 1866 but that no one understood their
importance, that his work was ignored for 34 years, and
that scientists later discovered that it contained the entire
basis of modern genetics, that he studied characters that
could be classified on an eithereor basis, that he observed
that different alleles can produce different phenotypes, and
even that he discovered that pairs separate independently
during meiosis (Campanile et al., 2015).

However, if one carefully studies Mendel’s paper, there
are different conclusions to be made: that he intended to
study hybridization and not heredity, that he studied how
characters or traits were passed on from one generation to
the next, that nowhere did he write about hereditary parti-
cles that determine these characters or traits, and that he
was able to observe the segregation and independent
assortment of characters or traits but he did not conclude
anything about the segregation and the independent
assortment of alleles (Kampourakis, 2015). The usual pre-
sentation of Mendel’s life and work in textbooks also in-
cludes instances of general nature of science aspects that
could be discussed in schools. In a study of seven widely
used high school biology textbooks in terms of the aspects
of the nature of scientific knowledge (NOSK) and of sci-
entific inquiry (SI) that they presented explicitly or
implicitly in the Mendelian genetics sections, many such
aspects existed, but most were implicit. Overall, 237 in-
stances of NOSK and 128 instances of SI aspects were
counted in 140 textbook excerpts. Of these 365 instances,
362 were implicit and only 3 were explicit (all of which
were SI aspects). The conclusion of this study was that the
sections of Mendelian genetics might provide teachers with
a multitude of opportunities to teach about NOSK and SI
explicitly, yet these opportunities are likely to be missed
because almost all of the relevant aspects are implicit
(Campanile et al., 2015).

What does Mendel’s story have to do with genetic testing?
The point made here is that distortions of the nature of the
science of genetics already exist in formal science education.
Furthermore, opportunities are missed to teach about nature of
science. But to understand the potential of science, it is
necessary to convey a more authentic image of science in the
teaching and public communication of genetics: that science is
done by humans within communities, that it can be messy and
that its conclusions are not always clear, that there can be
conflicts of interest, and that the knowledge produced is not
only tentative but also results in even more questions. This
can be achieved if genetics education and outreach are explicit
about aspects of nature of science, discuss the actual potential
of contemporary genetics research, and explicitly distinguish it
from future possibilities (Barnes and Dupré, 2008; Krimsky
and Gruber, 2013; Kampourakis, 2013).
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27.2.3 Lack of Public Awareness of
Contemporary Genetics Research:
Researchers Should Get Actively Involved
in Science Communication

Current developments and advances in genetics research
unavoidably lead to uncharted waters, because in the early
stages of the application of new technologies there is no
sufficient experience to foresee how it might be used or
abused, which ethical and societal problems might arise, who
might object to its use and why, and how it might be possible
to deal with such problems. Therefore, as early as possible it is
necessary to provide unbiased, well-informed, and well-
argued estimates of potential questions and problems, as
well as potential answers to these. Those developing the
relevant technologies and conducting contemporary genetics
research can provide these answers, because they are the ones
who know their potential and their pitfalls. Therefore, it is
necessary that they become actively involved in public dis-
cussions and also education and outreach, so that the public be
well-informed about these. If this does not happen, there is
always the possibility that the public will be misinformed and
misguided by those who have particular interests to serve by
promoting the use of the new technologies or by those who,
for various reasons, are against any such use. The public
needs to have a robust understanding and develop a critical
stance before making any decisions. New research and tech-
nologies can be neither accepted nor rejected uncritically
(Reydon et al., 2012).

Geneticists themselves would most likely agree that
they should be engaged in genetics communication and
outreach. However, as a study involving 20 academic ge-
neticists in the United States showed, there are particular
barriers to their participation in these kinds of activities,
including: (1) lack of time to engage in activities besides
those required to earn tenure; (2) receipt of no credit toward
tenure for participating in public engagement activities;
(3) fear of professional stigmatization by being too publicly
visible; (4) lack of awareness of opportunities for public
engagement and participation in policy formation; and
(5) lack of necessary communications skills (Mathews
et al., 2005). Although these views were expressed by a
small number of geneticists, and thus it is difficult to make
generalizations, it seems likely that many geneticists would
agree that several of these barriers are real. Time and
recognition of such activities are probably major issues for
many researchers. Therefore, perhaps universities should
reconsider their criteria for tenured professorships and
evaluate candidates in terms not only of their publishing
record and research agendas, but also of their participation
in outreach activities and science communication.

Another major issue is how researchers in genetics
communicate their research and its results and conclusions
to journalists, who in turn communicate these to the public.
Condit (2007) analyzed this issue and made some concrete

suggestions that might facilitate a more accurate commu-
nication between researchers and journalists. The first
suggestion is that instead of just chatting with the journalist
over the phone or during an interview, researchers should
prepare the message they want to convey by writing the
key points in lay language and testing its readability. The
second suggestion is for researchers to try to avoid hype
that is enhanced by their enthusiasm for their own work
and the demands for funding. Thus, instead of making
ambitious predictions for future applications, they should
describe the technical and social roadblocks and explain
why current findings could be overturned. A third sug-
gestion is to avoid gene-centered frames, such as “gene
for” and “genes win,” and in general genetic determinism
that seems so intuitive to nongeneticists (see also the earlier
respective section). Because two organisms with the same
genes may have different phenotypes in different envi-
ronments, geneticists should make it clear that it is the
interaction of genes and environment that affects outcomes.
For this purpose, Condit suggests that it is also better to
talk about “alleles” or “versions of a gene” rather than “the
gene,” because people tend to think that the gene is
something that someone either has or has not rather than
something that may have different versions. Finally, the
fourth suggestion is to avoid labels that enhance discrim-
ination among different human groups or populations, such
as intuitive notions of “race,” or referring to people car-
rying an allele that is related to a specific disease. Instead,
geneticists should try to characterize human groups or
populations carefully and precisely.

One important issue besides the need to present the actual
potential of genetic technologies accurately is the accurate
presentation of concepts. One of the most distorted concepts
in the news is that of “heritability.” This concept is commonly
defined as the extent to which genes and the environment
affect the development of a trait. Thus, for instance, when one
reads that the heritability of a given trait is 40%, this is
perceived as a description of the fact that the influence of
genes is 40% and the influence of the environment is 60%: in
other words, that the particular trait is 40% genetic and 60%
environmental. However, this is far from true because one
cannot separate the two influences. To use a metaphor, one
cannot say whether the performance of a drummer is more
due to his or her talent or to the quality of the instruments he
or she is playing. Such a point would make sense only if one
compared: (1) two drummers playing the same or different
instruments, in which case any difference would be 100% due
to the drummers; (2) one drummer playing different in-
struments, in which case any difference would be 100% due
to the instruments; or (3) two drummers playing different
instruments, in which case the difference would be some-
where between (1) and (2) (Keller, 2010, pp. 34e36).
Therefore, to state that the heritability of a trait is 40% actually
reflects the extent to which variation in a trait across a pop-
ulation can be accounted for by variation in genes across that
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population. This has nothing to do with how much “genetic”
or “inherited” a trait is or how strong the effect of genes over
environment is during development. To give one example, the
fact that humans normally have five digits definitely depends
on genetic factors rather than on environmental ones, and so
humans everywhere in the world are normally born with five
digits. Yet, because these genetic factors do not vary signifi-
cantly in human populations and because any difference in the
number of digits would most likely be the result of environ-
mental influences before or after birth, the heritability of this
trait could be close to zero (Moore, 2013).

In November 2011, the National Human Genome
Research Institute held a meeting to address the question of
how to achieve genomic literacy for the general public. The
workshop participants agreed on four priorities:
(1) Conduct research to define particular genomic literacy
competencies that focus not on what the public should
know about genetics and genomics but rather what they
should be able to do given their knowledge, skills, and
attitudes relevant to genetics and genomics; (2) conduct
systematic research on which the best education practices
are for raising the genomic literacy and make this research
available to those interested, such as health care providers,
researchers, and educators; (3) produce and make available
“genomic literacy assessment” tools, which are necessary
for systematically documenting the public understanding of
genetics and genomics over time; and (4) establish a ge-
nomics education national conference to promote the
interaction and exchange of ideas, research, and resources
among all those interested in genetics literacy (Hurle et al.,
2013). Initiatives such as these are likely to lead to sys-
tematic ways of science communication and outreach,
which might significantly contribute to enhancing the ge-
netics literacy of the public.

27.3 CONCLUSIONS AND
SUGGESTIONS

The aims of this chapter were to explain why the public
understanding of genetics is a necessary condition for ge-
netics literacy, provide evidence of the low public under-
standing of genetics, and present some crucial obstacles
that should be overcome to achieve literacy in genetics:
(1) the prevalence of genetic determinism in genetics ed-
ucation that enhances the notion that there exist “genes for
traits”; (2) the poor understanding of the nature of the
science of genetics that creates unrealistic expectations by
overlooking the actual potential; and (3) the limited access
that the public has to contemporary genetics research owing
to the limited involvement of researchers in science
communication. To overcome these obstacles, we need to
transform genetics education and outreach to present a
more accurate portrayal of the role of genes and of the

nature of the science of genetics. These can be achieved by
revising curricula and textbooks, appropriately training
teachers, and involving geneticists in education and
outreach. Education and public communication of genetics
should aim to provide an authentic picture with all of the
conceptual and practical complexities of genetics.

There are particular considerations to make for this pur-
pose. First, the public needs to understand that the meaning of
the concept of gene has changed since its inception in 1909.
An initially “empty” or referentially indefinite concept of gene
came to have two distinct meanings: that of a hypothetical
inherited factor that related to changes in characters, and that
of a DNA sequence that encoded the information for a
character. These two gene concepts did not converge into the
same pieces of DNA. Second, the public needs to understand
that reference to single genes cannot explain the variation
observed not only for complex characters and disease but also
for simple monogenic ones. Single genes alone do not pro-
duce characters or disease, but differences in genes can cause
differences in traits and disease. Causation and associations
are also different. Third, the public needs to understand that
genes “function” in the context of developmental processes
only, and that there important phenomena of nongenetic in-
heritance exist, i.e., beyond DNA and its sequence. They also
need to understand better the interplay between our genetic
makeup (“nature”) and the environmental influences on them
during development and beyond (“nurture”). It is with such a
background that the public could better understand important
socio-scientific issues and debates relevant to genetics:
personalized medicine, forensic investigations, ancestry and
race, behavior, and genetic engineering. Making sense of
genes should become a central objective of genetics literacy
(Kampourakis, 2017).
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28.1 INTRODUCTION

In the operation of a biorepository, a number of potential
safety hazards must be considered. These range from
chemical and biological hazards associated with the routine
use of reagents and human and animal tissue to fire, elec-
trical, and physical hazards associated with laboratory
infrastructure. An individual biorepository’s set of safety
issues depends on the specific roles and goals of that bio-
repository. For example, a biorepository that specifically
collects tissues from patients with blood-borne pathogens
would be much more concerned with associated biological
hazards than would a biorepository that collected only tis-
sue from individuals who were not at risk, although
reasonable precautions should be in place in both types of
systems to minimize the exposure of laboratory personnel
to pathogens.

Similarly, a laboratory that extracts and/or studies
DNA/RNA may have unique safety issues, especially if
recombinant DNA and/or synthetic nucleic acids are used.
The safety precautions associated with recombinant and
synthetic DNA/RNA are complex, particularly when
infective organisms are the source of the nucleic acids or
the DNA could code for toxins. Safety issues associated
with any work with recombinant DNA/RNA are postulated
to have special hazards and are beyond the scope of this
chapter. The reader is referred to the National Institutes of
Health Guidelines for Research Involving Recombinant or
Synthetic Nucleic Acid Molecules (NIH Guidelines for
Research, 2013).

The routine extraction of DNA and RNA from human
and animal tissues has safety hazards that fall into the
categories subsequently discussed in this chapter, including
safety issues associated primarily with biohazards, chemi-
cal hazards, and chemical and biohazard disposal. Using
tissue for the extraction of DNA/RNA involves the same
biohazards associated with handling any human tissue (i.e.,

universal precautions). Typically, nucleic acids are extrac-
ted from frozen, fresh nonfrozen, or paraffin-embedded
tissues using commercial kits that usually contain some
of the chemicals necessary for extraction. These “kits” al-
ways contain information on safety as well as safety in-
formation on any chemical reagents in the kit. Extracting
DNA and RNA from paraffin-embedded tissues requires
removal of the paraffin using xylene and rehydrating the
tissues using graded ethanols. Xylene and the graded eth-
anols are not provided in typical commercial kits used in
extracting DNA/RNA from paraffin-embedded tissues and
have to be obtained separately as they would if a kit were
not used for extraction. Similarly, if a commercial kit is not
used in the extraction process, all chemicals must be ob-
tained separately. These chemicals will have safety data
sheets (SDS) provided by the manufacturer or supplier.

Several countries have organizations that regulate lab-
oratories and offer general guidelines intended to protect
laboratory employees. In the United States, the Occupa-
tional Safety and Health Administration (OSHA) issues
regulations, including those designed to limit hazardous
chemical exposure, to ensure employees have access to
hazard information and address the use of personal pro-
tective equipment (PPE) in the workplace. In addition,
biorepositories in the United States may adhere to fire and
electrical safety guidelines established by the National Fire
Protection Association (NFPA). Biorepositories in coun-
tries in the European Union (EU) follow similar guidelines
with their own respective regulatory agencies. In addition,
many regional (e.g., state or province) and local (e.g., city)
jurisdictions provide their own safety regulations, espe-
cially in the areas of physical, fire, and electrical safety.

The goal of this chapter is to aid biorepositories in
developing and improving their safety program based on
the experience of the Tissue Collection and Banking Fa-
cility (TCBF) at the University of Alabama at Birmingham
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(UAB), and of the authors. This chapter does not contain
all of the information necessary to ensure the safety of all
biorepository personnel or to ensure a laboratory can
meet all regulatory, certification, and/or accreditation
standards in safety. However, it provides a foundation
upon which a biorepository can develop and maintain a
functional safety program that results in minimal hazardous
exposure and workplace injuries to laboratory employees.
This chapter only provides a foundation, and maintenance
of a functional safety program requires constant attention to
new issues related to laboratory safety that frequently
develop. For example, in the United States, chemical safety
regulations are changing to be more consistent with the
Globally Harmonized System (GHS) of the Classification
and Labeling of Chemicals of the World Health Organi-
zation (WHO) of the United Nations (UN). Literature
pertinent to this transition includes Hazard Communication
Standards (Occupational Safety; Occupational Safety and
Health), A Guide to the GHS (Safety & Health Adminis-
tration), and websites listed under Chemical Safety in
Table 28.1.

28.2 UNDERSTANDING REGULATORY
AND OTHER SAFETY ISSUES RELEVANT
TO BIOREPOSITORIES

Regulatory agencies appropriately place a high priority on
the general health and safety of laboratory personnel.
Abundant guidelines are available to which biorepositories
can refer to assist in developing and maintaining their
safety programs. Table 28.1 lists several Web-based re-
sources that describe several facets of safety regulations in
the United States and EU, and other countries. Several ar-
ticles are also available (Grizzle and Polt, 1988; Beekmann
and Doebbeling, 1997; Cardo and Bell, 1997; Grizzle and
Fredenburgh, 2001; Grizzle et al., 2010), in addition to
three versions of the Best Practices of the International
Society of Biological Environmental Repositories (Astrin
et al., 2012; Pitt et al., 2008; Aamodt et al., 2005) and
various books (Table 28.2). All of these resources can help
develop a biorepository’s safety program, whether the
biorepository falls under an academic setting, commercial
setting, or government setting. Notably, biorepositories
associated with a hospital’s anatomic and clinical pathology
(AP/CP) department will also need to consider safety reg-
ulations pertaining to the function of the AP/CP depart-
ment, many of which are similar to safety regulations
specifically important to biorepositories.

A major goal of any laboratory or biorepository is to
minimize injury to laboratory personnel and damage to the
biorepository. As mentioned, often a biorepository’s safety
program is subject to regulations of a larger laboratory like
an AP/CP department. However, this is not always the case,

and biorepositories have varying levels of autonomy for the
development and maintenance of their safety programs. In
all cases, safety regulations ought to be transparent, and
administrators and supervisors should be cognizant of
safety regulations and the intended safety program that is in
place. Developing and maintaining a well-run safety pro-
gram require communication, and one of the most impor-
tant interactions is between laboratory supervisors and
technicians or other laboratory personnel performing tech-
nical duties. Laboratory technicians are often the in-
dividuals handling hazardous materials and potentially
pathogenic tissues most frequently, which makes their un-
derstanding of safety regulations and practices important
not only from the standpoint of their own protection but
also because they often first recognize potential deficiencies
in safety practices and can provide valuable input based on
their experiences in the individual areas in which they
work.

A safety plan also needs to incorporate engineering is-
sues such as correcting problems with ventilation, drainage,
infrastructure, and space and should also address the
appropriate use of safety equipment. One method to ensure
all laboratory personnel are familiar with the appropriate
use of safety equipment is through education, which is one
of the most important parts of any laboratory’s safety
program. Essentially all laboratory personnel involved in
the biorepository need systematic training on necessary
elements of the safety program, including but not limited to
safety regarding blood-borne pathogens, chemical hazards,
formaldehyde, and numerous other general safety issues.

28.3 INDIVIDUALS INVOLVED IN
OVERSIGHT OF A BIOREPOSITORY

The chief executive officer (CEO) of an organization or
hospital usually appoints a safety committee whose general
function is to oversee safety within the organization, but the
CEO is ultimately responsible for the safety of the orga-
nization’s employees. Because different laboratories within
organizations have different roles, the safety requirements
of each laboratory are often unique. Sometimes, safety
committees can be even further subdivided into sub-
committees, with each subcommittee given specific over-
sight over certain aspects of safety or oversight over a
specific laboratory or group of laboratories. The safety
committee is also responsible for periodically reviewing a
laboratory’s safety program, recommending modifications
as needed, and reviewing incidents and how to handle and
prevent them in the future.

The safety committee and CEO of an organization can
also appoint a safety officer (SO), an individual member of
a safety committee who is specifically tasked with certain
aspects of safety oversight. For example, the SO may be
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TABLE 28.1 Resources on Safety on the Internet

Website Organization Topics

Safety in General

http://www.osha.gov Occupational Safety and Health Administration (OSHA),
Department of Labor, United States

Current developmental and operational regulations;
technical information; prevention information; training
information; links to other sites

http://www.ccohs.ca/oshanswers Canadian Center for Occupational Health and Safety Answers on frequently asked questions on safety

https://www.osha.europa.eu/en/legislation/index_html Occupational and Health Administration, European
Union

General safety, European Union

https://www.osha.europa Occupational and Health Administration, European
Union

General safety, European Union

http://www.rmlibrary.com/db/lawosha.htm Libraries and Directories: Risk Management and Insur-
ance Safety

Occupational safety laws of all 50 states of United
States

http://www.cap.org College of American Pathologists General and technical information; laboratory manage-
ment; laboratory safety

http://www.clsi.org/ Clinical and Laboratory Standards Institute General and technical information; forms; safety; links

http://www.lbl.gov/ehs/pub3000 Lawrence Berkeley National Laboratory Health and
Safety

Health and safety manual

http://www.healthsystem.virginia.edu/internet/epinet/ University of Virginia, International Health Care Worker
Safety Center

Surveillance data

http://www.healthsystem.virginia.edu/internet/epinet/
about_epinet.cfm

Exposure Prevention Information Network (EpiNet) Surveillance data

https://www.osha.gov/dsg/hazcom/HCSFinalRegTxt.html OSHA, United States Safety aids

Biological Safety

http://www.cdc.gov Centers for Disease Control and Prevention, Atlanta, GA Surveillance data; prevention information; technical in-
formation; biohazards; links

http://www.absa.org American Biological Safety Association Technical information

http://www.cdc.gov/ncezid/ National Center for Emerging and Zoonotic Infectious
Diseases

Combines National Center for Infectious Disease and
National Center for Zoonotic, Vector-Borne and Enteric
Diseases

http://www.cdc.gov/nchhstp/ National Center for HIV/AIDS, Viral Hepatitis, STD, and
Tuberculosis (TB) Prevention

Biological information on HIV/AIDS, viral hepatitis,
STD, and TB prevention

http://www.cdc.gov/ncird/ National Center for Immunization and Respiratory
Diseases

Biological information on immunization and respiratory
diseases

http://www.fda.gov/cber Food and Drug Administration, Center for Biologics
Evaluation and Research

Information on recalls, withdrawals, and safety issues
concerning biologics
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TABLE 28.1 Resources on Safety on the Internetdcont’d

Website Organization Topics

http://npic.orst.edu/ National Pesticide Information Center Technical information on disinfectants; links to other
sites

http://www.epa.gov/ Environmental Protection Agency

http://www.defra.gov.uk/. UK Department for Environment, Food, and Rural Affairs Surveillance data on bovine spongiform encephalopathy
in Europe; technical information on prions

http://www.cjd.ed.ac.uk National CreutzfeldteJakob Disease (CJD) Surveillance
Unit

Surveillance data on CJD; technical information on
prions; links to other sites

http://www.who.int/csr/resources/publications/biosafety/
WHO_CDS_CSR_LYO_2004_11/en/

World Health Organization (WHO) Laboratory Biosafety
Manual

Biosafety information

Chemical Safety

https://www.osha.gov/dsg/hazcom/index/html OSHA, United States Frequently asked chemical safety questions

http://www.ccohs.ca/oshanswers/chemicals/ghs.html Canadian Center for Occupational Health and Safety Chemical hazard questions

http://www.unece.org/trans/danger/publi/ghs/ghs_
welcome_e.html

United Nations Economic Commission for Europe Chemical safety

http://www.ghslegislation.com/asia-pacific/ghs-
implementation-in-asia-pacific-countries-2/

Globally Harmonized System Legislation Chemical regulation AsiaePacific

http://www.cdc.gov/niosh/database.html National Institute for Occupational Safety and Health
(NIOSH)

Databases and information resource links and
publications

http://www.ilo.org/public/english/protection/safework/
cis/products/icsc/dtasht/index.htm

International Occupational Safety and Health Informa-
tion Center

Chemical database; international Chemical safety cards

http://www.response.restoration.noaa.gov/chemaids/
react.html

Office of Response and Restoration Chemical reactivity worksheet; chemical database of
reactivity of substances or mixture of substances

http://www.cdc.gov/niosh/chem-inx.html Master Index of Occupational Health Guidelines for
Chemical Hazards (NIOSH)

Guidelines for hazards of specific chemicals

http://www.who.int/ipcs/en/ WHO International Program on Chemical Safety Chemical safety information

http://www.who.int/ipcs/methods/harmonization/areas/
ra_toolkit/en/

WHO Human Health Risk Assessment Toolkit: Chemical
Hazards

Chemical safety information

Fire Safety

http://www.lbl.gov/ehs/pub3000/ch12.html Lawrence Berkeley National Laboratory Health and
Safety

Fire prevention and protection program

http://www.stonybrook.edu/ehs/fire Stony Brook University Environmental Health and Safety Laboratory fire safety hazard assessment and work
practices

http://www.nfpa.org National Fire Protection Association Codes and standards, safety information and training in
fire prevention
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given personal oversight regarding a laboratory’s safety
plan, reviewing its effectiveness and recommending mod-
ifications. This includes monitoring the proper use of
equipment, monitoring the environment, and ensuring
employees’ compliance with recommended safety practices
and preventative health care (e.g., a requirement for hepa-
titis B vaccination of employees).

28.4 SAFETY TRAINING/EMPLOYEE
EDUCATION IN A BIOREPOSITORY

Proper training in each specific safety area (e.g., biohazard
safety such as education in blood-borne pathogens, or
physical safety) generally follows a standardized approach.
Laboratory personnel should be appropriately and thor-
oughly trained before they begin work. As employees shift
duties or take on new tasks, they should undergo safety
training relevant to those new tasks, ideally before they
begin working on the new tasks.

Adequate training of personnel requires knowledge-
able trainers and requires educational programs that are
appropriate for the level, education, and language of the
employee. The training should be commensurate with the
safety issues for which that specific employee requires
education (e.g., employees of biorepositories that do not
use or store chemicals may not require education training
in those biohazards). In addition, some individuals
employed by the laboratory (i.e., janitors or secretaries)
may not require education regarding all aspects of the
laboratory, such as biohazardous materials or glassware
safety. However, these individuals could inadvertently be
exposed to some biohazardous materials via contaminated
surfaces, paper, or computer equipment, etc. Thus, general
awareness of safety issues beyond that which is neces-
sarily trained may be beneficial not only for laboratory
technicians but for other individuals as well, and all in-
dividuals should be educated in pertinent safety issues
accordingly.

Because regulations change periodically, employees may
require frequent updating regarding various aspects of
training, and many elements of training are to be documented
annually. The United States requires records of training be
kept for at least 3 years. Employees’ training and proper
documentation of that training by the safety committee or SO
can be a part of the quality management system of a bio-
repository’s safety program (Grizzle et al., 2015).

28.5 BIOREPOSITORY SAFETY AREAS

Major areas of safety that should be addressed by bio-
repositories in their safety programs include biohazards,
chemical hazards, physical security and safety, fire safety,
and electrical safety.

28.5.1 Biohazards

Biorepositories are typically responsible for the collection,
processing, storage, and distribution of human and/or ani-
mal tissue. Both human and animal tissue can potentially
contain pathogens that can infect humans. Examples of
blood-borne pathogens include HIV and selected members
of the family of hepatitis viruses (e.g., hepatitis C virus).
Thus, both human and animal tissue should be treated with
universal precautions to prevent transmission of organisms
contained within tissue to laboratory personnel; as such, a
preventative plan should be in place to minimize exposure
to highly infectious agents, especially blood-borne patho-
gens. Of note, organisms in some animal tissues as well as
animal models of infectious diseases of humans can be
transmitted to humans. Typically, fresh tissues contain the
most viable infectious organisms, and the risk of trans-
mission tends to decrease as tissue is processed (Fig. 28.1).
Formalin fixation is a particularly important step in tissue
processing, because formalin solution causes a large
decline in the infectivity of bacteria and viruses within
tissue. Most formalin-fixed tissues are eventually
embedded in paraffin blocks, and biorepositories ought to
be aware that even paraffin-embedded tissue may have
infectious risks via prions.

As discussed, a good safety program requires both
general universal precautions and precautions specific to
certain pathogens or areas of concentration of a particular
biorepository. In the United States, general training pro-
grams for blood-borne pathogens are required for all
personnel who may potentially come into contact with
human tissues. That training program should include edu-
cation about how blood-borne and other pathogens are
transmitted and how they cause human disease (see section
on Training in Safety). In addition to blood-borne patho-
gens, the potential for exposure to noneblood-borne
pathogens should be considered, such as tuberculosis,
which is transmitted primarily via an airborne route by
transfer of Mycobacterium tuberculosis that can be spread
in tiny microscopic droplets released from infected tissue or
fluids. Not all noneblood-borne pathogens are specifically
regulated in every country. This is why the best safety
programs not only follow regulations from local and
nonlocal governing bodies but also consider their bio-
repository’s unique circumstances and implement any
additional safety measures intended to minimize risk of
pathogen transmission to laboratory personnel; essentially,
all dangerous organisms that are likely to be contacted by
biorepository personnel should be addressed in any effec-
tive safety program.

DNA, RNA, and other molecular extractions from hu-
man and animal tissues may expose personnel to specific
pathogens that can be transmitted to these employees.
Commercial kits are frequently used to extract DNA and
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RNA from tissues. Extraction of nucleic acid including
DNA from either human or animal tissue can contaminate
the surfaces of a kit, equipment, or supplies with bio-
hazardous agents that may be present in the human or an-
imal tissues used for extraction. Therefore, universal
precautions should be used during the extraction process
and in handling cleaning and/or disposal of components of
kits, equipment, and supplies.

As mentioned, one of the most vital components of any
safety program is the appropriate use of PPE. The appro-
priate and intended use of PPE should be specified in the
standard operating procedures (SOPs) of each task that a
laboratory technician performs. The SOP should specify the
proper use of such safety equipment including laboratory
coats, gloves (e.g., appropriate size and type, which may
vary depending on the specific task), and masks; protection
from broken glassware and sharps such as needles and
scalpel blades is important. All PPE, even laboratory coats,
can be potentially misused and expose laboratory personnel
to unnecessary risks. Of course, each task will have its own
specific set of safety concerns that requires a specific set of
PPE. This is one reason why SOPs are particularly useful in
safety programs, because they should list the appropriate
safety equipment for a particular task. A well-written SOP
describes a task such that an employee can perform it
simply by following instructions in the SOP. Potential
exposure to small quantities of blood (e.g., 10-mL tubes)
requires less PPE than does exposure to large volumes of
blood such as during an autopsy. In the former example
(handling a tube of blood), a laboratory coat, gloves, safety
glasses, and mask may be sufficient to prevent exposure of
skin and personal clothing to a pathogen, whereas in the
latter example (during an autopsy), much more extensive
PPE, such as surgical masks and scrubs, gloves, aprons,
face shields, hairnets, and shoe covers, are appropriate to
prevent exposure of pathogens to laboratory personnel. In

some tasks, surgical-quality gloves should be used instead
of lower-quality latex gloves because of potential exposure
to bone shards and cutting equipment (scalpels or bone
saws), which may increase the likelihood of infections via
cuts or tears in gloves. Furthermore, specialized cutting
gloves can be worn that are specially designed to prevent
cuts from sharp objects. The use of respirators may be
necessary in specific diseases. Of note, in the United States,
use of respirators is governed by a specific OSHA regula-
tion, (Occupational Safety and Health Administration
1910.134), including special training as well as fitting of
respirators to each user.

In addition to the appropriate use of safety equipment
including PPE, some biorepositories may elect to minimize
exposure to potential pathogens by not even collecting or
storing human or animal tissues that potentially contain or
have been shown to contain blood-borne pathogens. Often
this does not adversely affect specimen availability,
because most investigators will not accept tissues that are
likely to be contaminated with human pathogens. It has
been the experience of the TCBF at UAB that not all
personnel of laboratories to which biorepositories distribute
tissues are adequately trained in biosafety. As such, it is
recommended as part of the biorepository agreement or
material transfer agreement (MTA) with the recipient
institution that personnel of organizations or laboratories
receiving tissue be appropriately trained in biosafety. Also,
it may be appropriate to add an indemnification clause to
the biorepository agreement or MTA to protect the bio-
repository legally in the event of injury to personnel at the
recipient institution.

Finally, a biorepository’s personnel must be aware that
there are special national and international requirements for
the transfer of human tissue and its derivatives, animal
tissue, and infectious agents among organizations and
across borders. The International Air Transport Association

Fresh tissue
(most infectious) Frozen tissue

(slight decline in infectivity)

Fixed tissue
(very large decline in 

infectivity of bacteria and 
viruses)

Paraffin embedded tissues
(additional decline in 

infectivity, prions remain 
infectious)

DNA/RNA 
Extraction (very 
large decline in 

infectivity)

FIGURE 28.1 Effects of tissue processing on potential infection.

486 Molecular Diagnostics



(IATA) has specific training and shipping requirements.
The regulations of the IATA and its training requirements
cover biohazards as well as chemical hazards.

28.5.2 Chemical Hazards

Essentially all chemicals used in a biorepository may have
adverse health effects, depending on the mode of contact
and extent of exposure. Based on their effects, chemicals
can be broadly characterized as toxins, irritants, allergens,
carcinogens, and/or teratogens. In addition, some chemicals
are potentially flammable and are considered fire hazards
(e.g., xylene, alcohols, acetone) or even explosive risks, as
discussed in the section on Fire Safety. Contact with
chemicals can occur via several routes including direct
contact with skin or mucous membranes (e.g., eyes, nose,
mouth), inhalation via vapors or fumes, or even ingestion.
Each mode of exposure has different types and extents of
toxicity. One of the most common chemicals used to pre-
serve tissue for research is the formaldehyde-based solu-
tion, formalin. If formalin were to come into contact with
skin, it might induce irritation and/or an allergic reaction. If
formalin vapors were inhaled, it could potentially have
carcinogenic activity in addition to irritation and/or an
allergic reaction to mucous membranes. Finally, if formalin
were ingested, it could potentially be fatal.

Extraction of nucleic acids including DNA uses specific
chemicals that must be considered hazardous. Because
nucleic acid extraction is frequently performed using
commercial kits, specific issues regarding safety as well as
SDS are provided with the kits, usually by the specification
of a website link. For chemicals used in the nucleic acid
extraction process and not provided with the kit, SDS will
be provided via the chemical supplier or chemical manu-
facturer. All other aspects of chemical precautions for
extraction of DNA will be the same as for other laboratory
uses of the chemicals.

As mentioned, an important component of a safety
program should be devoted specifically to chemical safety,
including proper handling and use of formaldehyde-based
chemicals. The chemical safety plan should include
training in chemical safety for all biorepository employees
who could potentially come into contact with the chem-
icals. Also, items not typically associated with chemicals in
the laboratory (e.g., paper or portable devices such as lap-
tops, smartphones, or tablets) should be treated as being
potentially contaminated.

The WHO, a special agency of the UN, has developed
multiple components of a chemical safety plan and has
newly implemented the GHS of the Classification and La-
beling of Chemicals. The GHS requirement for labeling
chemical containers consists of six major elements: product
identifier, supplier identification, signal words, hazardous
statements, precautionary statements, and pictograms.

Product identifier: product name and code (catalog
number)
Supplier identification: manufacturer or supplier name,
street address, city, state, postal code, and country
Signal Words: one of two words used to alert the user
of the relative level of hazards severity of a product:
“danger” and “warning.” “Danger” is used for the
most severe hazard categories. Only one single word
can be used on a chemical label to indicate the severity
of the hazard.
Hazard statements: phrases assigned to hazard classes
and categories that describe the nature of a hazardous
product, including, when appropriate, the degree of
the hazard. The specific wording of a hazardous state-
ment depends on the hazard classification. Examples
of hazard statements include “Causes eye irritation,”
“Toxic if swallowed,” and “Flammable liquid and
vapor.”
Precautionary statements: statements that describe
recommended measures to be taken to minimize or pre-
vent adverse effects resulting from exposure to a haz-
ardous chemical. The statement may cover topics
related to personal protection, storage, and disposal. Ex-
amples of precautionary statements include “Wear eye/
face protection,” “Store in well-ventilated place,” and
“If on skin, wash with plenty of water.”
Pictograms: GHS has developed specific standard pic-
tograms used in expressing chemical hazards. Picto-
grams are designed to indicate visually the chemical
hazards associated with a particular chemical.
Fig. 28.2 shows standard GHS pictograms used to label
chemical containers and in SDS, with their associated
descriptions and meanings.

An SDS serves as a workplace hazard warning, pro-
vides information to prevent direct exposure to chemicals,
and specifies actions to be taken upon exposure to a spe-
cific chemical. As of June 1, 2015, the Hazard Commu-
nication Standard of the United States required chemical
manufacturers, distributors, and importers to provide users
with SDS to communicate in a uniform manner the hazards
of each chemical provided. SDS formerly came in the form
of material SDS, or MSDS. SDS are similar to MSDS
except that SDS have a mandated, consistent, and user-
friendly 16-section format. Sections 1e8 contain infor-
mation on chemical and provider identification, hazards,
composition, first aid measures, firefighting measures,
accidental release requirements (spills and leaks), personal
protection information, and proper handling, storage, and
exposure controls. Sections 9e11 contain technical and
scientific information, physical and chemical properties,
stability and reactivity properties, and toxicologic infor-
mation. Sections 12e15 contain ecological information,
disposal considerations, transport information, and
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regulatory information. Section 16, with “Other Informa-
tion,” is a general section that may include the date of SDS
preparation, the last revision, and any other pertinent in-
formation. Thus, SDS provide valuable information for a
biorepository regarding the hazards of each chemical,
required personnel protection, emergency actions upon
exposure, emergency contact information, and technical
information that may affect the use, storage, transport, and
disposal of a chemical.

Every chemical that is purchased commercially has an
SDS that must be readily accessible by all laboratory
personnel who use or could potentially come into contact
with that chemical. The SDS is prepared by the manufac-
turer of the chemical or possibly a company that modifies
the chemical (e.g., in case of repackaging). Biorepositories
outside the United States may follow different regulations,
although most SDS are now international, and associated
chemical hazards are often regulated similarly.

Pictogram Description Chemical Hazards

Flame over Circle Oxidizer

Flame Flammables / Self-reactive chemicals; 

Emits flammable gas;

Organic peroxides

Exploding Bomb Explosive;

Self-reactive;

Organic peroxides

Skull and Crossbones Acute toxicity (severe)

Corrosion (metal or skin) Corrosive

Gas Cylinder Gases under pressure

Health Hazard Carcinogen / Mutagenicity; 

Respiratory sensitizer;

Target organ toxicity (acute and chronic); 

Aspiration toxicity

Exclamation Mark Acute toxicity;

Severe responses;

Target organ toxicity on a single exposure

FIGURE 28.2 Chemical hazard pictograms (container labels and safety data sheet).
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Although each chemical has a specific SDS with
specific hazards and safety regulations, combinations of
chemicals used in a laboratory may create new hazards
that are different from those indicated in each individual
chemical’s specific SDS. As such, combining chemicals
in a laboratory may require special precautions and safety
procedures, and may be prohibited in some instances. For
example, it is well-known that combining concentrated
strong acids (e.g., HCl) with strong bases (e.g., NaOH)
without appropriate dilution can create a hazardous reac-
tion, but it is less known that combining strong oxidizers
(e.g., potassium permanganate) with high carbone
containing materials (e.g., ethylene glycol) can also cause
a hazardous situation. The practice of combining chem-
icals should be strictly regulated in a laboratory and
approached with great care. This should adequately be
addressed in the educational component of the safety
program.

As with biohazards, employees should communicate
with their supervisors regarding their knowledge of the
safety program and how it applies to their experiences in
the workspace in which they handle chemicals. The GHS
has already had a large impact on training in chemical
hazards and influences the modification of training as new
mandated formats for the labeling of chemicals and use of
SDS are implemented. In addition, as with biohazards, an
appropriate engineering infrastructure and proper use of
PPE are necessary to prevent injury owing to chemicals.
Nearby eyewashes, a shower, and easily accessible fire
extinguishers may be particularly relevant in parts of
the laboratory where some chemicals are used. Latex
gloves are not appropriate protection against chemical
exposure.

One component of proper engineering infrastructure
pertains to the adequate storage of chemicals, especially
flammable chemicals and caustic agents, which should be
kept in certified chemical storage cabinets. Ultimately,
storage of large quantities of flammable chemicals should
be minimized or avoided; furthermore, certain types of
chemicals should be stored separately, such as strong acids
and strong bases. In addition, a storage cabinet that contains
flammable chemicals, if practicable, should not be posi-
tioned near an entrance or exit of a laboratory space. In
some cases, for particularly toxic chemicals or chemicals
with associated dangerous vapors, even more extensive
engineering practices should be implemented. All of these
considerations are part of the design and appropriate
application of an engineering infrastructure, and make up
an important component of a biorepository’s safety
program.

Specific requirements and regulations related to chem-
ical safety in the United States and some other countries
can be found in Occupational Exposure to Hazardous
Chemicals in Laboratories (29 CFR, 1910.1450), the

Hazard Communication Standard (29 CFR, 1910.1200),
and the Formaldehyde Standard (29 CFR, 1910.1048).
Similar regulations for laboratories in the EU include
OSHA Europa 94/24/EE, which sets minimum re-
quirements for the protection of workers exposed to
chemical agents in the workplace. 2004/37/EEC protects
workers from the risks related to exposure to carcinogens
and mutagens at work. 91/322/EEC, 96/94/EC, 2000/39/
EC, and 2006/15/EC establish occupational exposure limits
for the EU. 92/58/EEC contains the regulations on classi-
fication and labeling of chemicals and provides important
information concerning safety labels of chemical con-
tainers and SDS.

In the United States, the Occupational Exposure to
Hazardous Chemicals in Laboratories (the Laboratory
Standard) requires that employers develop a written
chemical safety plan. The chemical safety plan for a bio-
repository must be able to protect all employees from
hazardous chemicals. Specifically, the chemical safety plan
should maintain chemical exposures below the action level
or, in its absence, the permissible exposure limit for each
specific chemical. Biorepository safety plans also should
clarify and incorporate, if appropriate, the Formaldehyde
Standard, especially if the biorepository repackages or
prepares formaldehyde solutions and provides them outside
the biorepository. The minimum required elements of a
chemical safety plan should include the following:

1. plans for developing and implementing the chemical
safety plan and monitoring its use and effectiveness

2. plans for monitoring the exposure of employees or vis-
itors to hazardous chemicals, reporting and document-
ing chemical safety incidents, and modifying the
safety plan to prevent recurrence

3. an effective training program for all individuals work-
ing with chemicals or in areas where chemicals are
used or stored

4. a written emergency plan to address chemical spills.
The plan should incorporate prevention, containment,
cleanup, and waste disposal, including contaminated
materials used in a cleanup and approaches to mini-
mize personnel exposed during cleanup

5. a policy to minimize exposure to hazardous fumes,
which includes minimizing inhalation by personnel,
monitoring the effectiveness of ventilation of any
space where volatile chemicals are used or stored,
and planning for ventilation failure

6. a policy that includes minimizing exposure of skin,
eyes, mucous membranes, and personal clothing to
chemicals and washing of hands and exposed skin af-
ter use and/or exposure to hazardous chemicals

7. plans for emergency evacuation and medical care for
employees injured by hazardous chemicals and safety
drills for chemical emergencies
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8. policies prohibiting eating, drinking, smoking, gum
chewing, application of cosmetics in the labora-
tory, and storing food and/or beverages in labora-
tory storage areas, laboratory refrigerators, and
freezers

9. a policy requiring protection of personnel and visitors
from chemical exposures. This includes wearing
appropriate protective equipment including laboratory
coats, suitable gloves, and eye and mucous membrane
protection when there is a potential for contact with
toxic chemicals. Gloves should be appropriate for
chemical protection and should be inspected before
use and washed before removing. Mouth pipetting
and mouth suctioning for starting a siphon must be
prohibited. The use of contact lenses in the laboratory
should be avoided

10. a policy to document and observe chemical exposure
limits, if established, and to follow legal requirements
for specific hazardous chemicals. Employees should
be knowledgeable regarding these issues

Chemical safety should be a priority for biorepositories,
whether they use large or small quantities of chemicals. For
example, biorepositories that are largely concerned only
with production and staining of microscopic slides of tis-
sues may use picric acid in some of their histochemical
fixatives and staining procedures; of importance, if picric
acid is permitted to dry, the chemical constitutes an
explosive hazard. As noted, combining even small amounts
of chemicals can be extraordinarily dangerous and possibly
result in spontaneous combustion or accelerated heating,
which may cause injuries to laboratory personnel as a result
of liquids splashing or boiling over. In general, appropriate
approaches for the use of chemicals in the laboratory
should include the following:

1. All solutions made in the laboratory must be labeled,
including ingredients and hazards as well as the day
prepared, expiration date, and preparer (initials are
adequate). Combinations of chemicals should include
the SDS for each component chemical. In addition, lab-
oratory personnel must assume that a combination of
chemicals is potentially more hazardous than simply
the sum of the toxicities of the individual chemical
components.

2. If a chemical substance is produced or repackaged by a
laboratory for outside use, the laboratory is required to
prepare an SDS for the other site(s), which includes the
new GHS labeling requirements.

3. Regarding handling of chemicals, prudent approaches
include the following:
a. Follow the chemical safety plan.
b. Contact with chemicals should be avoided, and

chemicals should be washed quickly from exposed
sites.

c. Appropriate safety equipment (e.g., laboratory coat,
safety glasses, mask, gloves) should be used when
handling chemicals.

d. Chemicals with no known significant hazards should
also be handled with care.

e. Chemicals with moderate to severe hazards should
be handled with special precautions.

f. Care should be taken during the maintenance of
equipment or other surfaces that could potentially
be contaminated with hazardous chemicals.

Many approaches to chemical and the other areas of safety
are regulated in theUnited States byOSHAof theDepartment
of Labor. In the United States, OSHA can inspect bio-
repositories and impose large fines for safety violations.

Chemicals common to biorepositories include formal-
dehyde, xylene, acetone, and alcohols. Formaldehyde is the
most common type of fixative used in the preparation of
paraffin blocks. Formaldehyde is an irritant, allergen, and
carcinogen. Outside biorepositories, formaldehyde is used in
many products including furniture and carpets. An allergy to
formaldehyde can be debilitating. In the United States, there
is a special law that addresses the use of chemicals con-
taining formaldehyde (Formaldehyde Standard 29 CFR,
1910.1450). Xylene, acetone, and alcohols are hazardous
because of their flammable vapors and toxicity.

28.5.3 Physical Security and Safety

Essentially all laboratories, including biorepositories, have
physical safety considerations. Physical safety incorporates
a wide range of concerns, from ensuring employees are not
physically injured by others to preventing falls. Ensuring
physical safety begins with the quality of the overall
infrastructure (e.g., facilities). Damaged steps or rugs,
slippery floors, and inappropriate use of furniture and
equipment can lead to all sorts of injuries to employees.
Physical safety considerations may also be specific to
certain functions of the laboratory. New standards for areas
of health care facilities that store liquid nitrogen and other
cryogenic fluids have been developed by the NFPA. These
include NFPA.55 and NFPA.99. Standards such as these
affect the design and/or infrastructure of biorepositories,
and individuals belonging to safety committees that oversee
laboratories should stay up-to-date on these types of
developments.

Some common examples of poor compliance with
physical safety requirements include using chairs as lad-
ders, slippery floors contaminated by paraffin and soaps or
fluids, and file cabinets, cylinders, and shelves that are
inadequately secured; all of these issues can potentially lead
to injuries. Unsecured equipment such as file cabinets and
other furniture are especially dangerous during earth-
quakes. Employees may also experience physical injuries
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such as back trauma as a result of lifting (e.g., racks from
liquid nitrogen freezers), repetitive actionetype injuries, or
burns from both hot or cold (e.g., from dry ice or liquid
nitrogen) substances. Minor injuries such as minor cuts
(e.g., from paper) are more difficult to avoid. Minor injuries
should not be exacerbated by exposure of broken skin to
toxic chemicals or biohazards. All of these issues should be
addressed in a biorepository’s safety program.

General security of a biorepository requires limiting or
preventing access by unauthorized personnel. Also, threats
to employees, especially by other employees, should not be
tolerated. Consideration of employees’ safety may extend
outside the biorepository walls and include emergency exits
and pathways and areas surrounding the workplace,
including parking areas.

28.5.4 Fire Safety

Biorepositories may store and use chemicals that may be
fire hazards, such as xylene, acetone, and ethanol. Thus, fire
safety should be of concern to such biorepositories. One
goal of the fire safety program should be to facilitate
personnel rapidly escaping from fires and other emergen-
cies; thus, clear emergency exit pathways should be posted
at the exits of all rooms as well as general areas of the
biorepository. The emergency exits should be described in
the safety training program. Emergency exits should never
be blocked, obstructed, or locked; hallways should not be
cluttered or obstructed. Similarly, access to fire blankets,
showers, and fire equipment must not be impeded. Fire
equipment (e.g., showers and fire extinguishers) should be
tested periodically and the results documented. There
should be periodic fire drills to ensure that emergency exits
are known and accessible. Flammable chemicals should be
stored appropriately in chemical safety cabinets. The vol-
ume of flammable agents stored in each cabinet should not
exceed the cabinet’s protective standard, and the total
amount stored in biorepositories should be appropriate and
may be regulated locally and/or by accreditation and cer-
tification agencies.

Smoking should be prohibited in the biorepository.
Furniture, rugs, and equipment should meet fire retardant
standards. Similarly, doors that serve as barriers to fire
should meet the requirements for construction of buildings
that house laboratories such as biorepositories. In the
United States, aids to minimize fire hazards are available
from the NFPA. One useful approach to evaluating fire
safety issues is to invite an inspection by the local fire
department.

28.5.5 Electrical Safety

All equipment of the biorepository must be electrically
grounded, and the grounding should be tested for each

piece of equipment when it is put into operation, and at
least yearly thereafter. Electrical base plugs must also be
grounded (and testing documented) and also should be in
good working condition. All work on the electrical system
should be approached with great care by certified electri-
cians who should ensure that all electrical working areas are
protected by removal or inactivation of fuses; there should
be written warnings at the fuse box to prevent activation
while electrical work is in progress.

Each site should decide whether personal electrical
devices can be brought into the biorepository. If permitted,
electrical appliances such as radios should not be inadver-
tently ignored when testing biorepository equipment for
grounding. In addition, personnel should be careful with
electrical appliances and equipment around water, espe-
cially bathrooms or showers and sinks.

28.5.6 Other Areas of Safety

Other safety concerns include specialized areas of safety
such as radiological safety. Discussions of such safety areas
are included in specialized institutional safety programs and
are beyond the scope of this chapter.

28.6 CONCLUSIONS

The safe operation of a biorepository requires all employees
to work to maintain a safe working environment. All em-
ployees of the biorepository need to contribute to devel-
oping and monitoring an effective safety program. The
infrastructure of the biorepository should be monitored by
the SO/safety committee, and problems should be identified
and corrected rapidly; training of all personnel as to safety
hazards should be appropriate for special types of bio-
repository operations including protecting against bio-
hazards, chemical hazards, and physical hazards; training
should generally be updated at least yearly and this should
be documented. Also, biorepositories should identify and
monitor electrical and fire hazards. The safety plan should
also use engineering practices to aid in ensuring a safe
working environment. This includes the proper use of
safety equipment such as laboratory coats, safety glasses,
masks, and appropriate gloves, as well as good ventilation
and drainage of the site. The safety plan should be dynamic
and carefully evaluated, with annual reviews and changes
necessary to minimize the recurrence of all safety incidents,
which should be evaluated carefully.
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Chapter 29

Quality Assurance in Genetic
Laboratories

E. Dequeker
University of Leuven, Leuven, Belgium

29.1 INTRODUCTION

Medical laboratories, and specifically genetic testing labo-
ratories, provide vital medical services to different clients:
clinicians requesting a test, patients from whom the sample
was collected, public health and medicolegal instances,
referral laboratories, and authoritative bodies. The field of
medical genetics has witnessed a remarkable rate of prog-
ress both in the understanding of the association between
genetic variants and human disease, and in the technical
ability to perform genetic analysis. As a consequence,
there is a huge growth in demand from patients and
medical health professionals for clinical genetic testing
(Dequeker, 2010).

All expect results that are accurate and obtained in an
efficient and effective manner, within a suitable time frame
and at acceptable cost. There are different ways to achieve
the end result. Accreditation of health care services is rec-
ommended to ensure operation to the highest quality
standards. Various initiatives, such as legislation or
accreditation by the International Organization for Stan-
dardization (ISO) or Joint Commission International may
be active to support and improve quality. Compliance with
ISO 15189, the international standard for the accreditation
of medical laboratories, is becoming progressively accepted
as the optimal approach to ensuring quality in medical
testing (Berwouts et al., 2010; Tembuyser et al., 2016).

In the early 2000s (Berwouts et al., 2012a,b), concerns
were raised with regard to quality assurance practices in
Europe and beyond because of the rapid expansion of ge-
netic testing (McGovern et al., 1999; Dequeker et al., 2001;
McGovern et al., 2003). The European Science and Tech-
nology Observatory Network and the Organization for

Economic Cooperation and Development (OECD) con-
ducted studies to determine the state of quality systems
within genetic testing services, identifying an urgent need
for better and more consistent quality assurance practices
(European Science and Technology Observatory Network,
2003; Organisation for Economic Cooperation and Devel-
opment, 2005). As a result, initiatives were taken to
improve the quality of genetic testing laboratories. External
quality assessment (EQA) providers such as the Cystic
Fibrosis Network and the European Molecular Genetics
Quality Network received support from the European
Commission (BMH4-CT96-0462, QLK3-CT99-00,241,
and SMT4-CT98-7515) (Dequeker and Cassiman, 1998;
Muëller, 2001). Another initiative was the CRMGEN
project, which aimed to develop certified reference mate-
rials for molecular genetic tests (G6RD-CT-2001-00,581)
(Barton et al., 2004). In 2005, a network of networks was
established, named EuroGentest (Cassiman, 2005). After
2 years, the OECD published Guidelines for Quality
Assurance in Molecular Genetic Testing (OECD, 2007). In
the United States, the Centers for Disease Control and
Prevention (CDC) formulated recommendations for
improving quality assurance of molecular genetic testing
laboratories, and efforts were made to create a genetic
testing specialty under the Clinical Laboratory Improve-
ment Amendments (Williams et al., 2003; United States
Department of Health and Human Services 2011).

There is an understandable assumption from users
that the results of genetic tests are reliable, whereas
studies of performance in EQA schemes repeatedly show
that errors occur at a measurable rate at all stages of the
testing process (Seneca et al., 2008; Touitou et al., 2009).
To respond to the need to improve the quality of clinical
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genetic testing, providers are encouraged to implement a
comprehensive quality management system (QMS)
and to fulfill the requirements for internationally
recognized standards for laboratory accreditation
(Ibarreta et al., 2004).

29.2 INTERNATIONAL STANDARDS

During the typical laboratory accreditation process, the
laboratory is assessed against a “standard document” that
contains a number of specifications equivalent to the
clauses in a normative document. Other accreditation sys-
tems used documents that describe guidelines, principles,
or criteria as the basis for assessment (Dequeker, 2010;
Burnett, 2002).

The world’s largest developer of standards is the ISO,
a nongovernmental network of the national standards
institutes of 162 countries. In Europe, another nongov-
ernmental organization, the European Committee for
Standardization (CEN), is composed of 39 national
standardization institutes. Since the Vienna Agreement
was signed in 1991, these two international standard
organizations have worked together closely by mutual
agreement with the national standardization institutes.
This agreement endorses, among many other engage-
ments, an exchange of technical information between
CEN and ISO, the adoption in Europe of existing ISO
standards without text changes, and the parallel approval
of newly developed documents within both organiza-
tions. All of the approved CEN standard should be
adopted in each member state of the European Union
within 6 months after approval, and should replace all
(related) national standards (Dequeker, 2010).

Each standard is assigned a unique identification num-
ber, often followed by the year of approval or revision. In
front of the unique number, the acronym of (sometimes
multiple) standardization institutes can be found that
adopted the standard.

Major standards relevant to quality management in
clinical genetic laboratories are summarized in Table 29.1
(Dequeker E, 2010). The ISO 9001, first published in 1987,
is the oldest and most generic standard. ISO defines
“quality management” as the comprehensive set of mea-
sures that is taken by an organization to (1) meet cus-
tomers’ quality needs, (2) meet applicable regulatory
requirements, and (3) continually improve performance.
The quality system “requirements” in ISO 9001 are uni-
versal, i.e., they can be applied to any organization (private
business enterprises, public nonprofit organizations, or
government departments) independent of the organization
size and irrespective of the nature of the product manu-
factured, service delivered, or analytical test performed.
Briefly summarized, ISO 9001 concerns the way activities
in an organization are performed, but does not assess the

actual results of these activities (at least, not directly).
Whereas ISO 9001 describes the overall requirements for
any quality system, it does not dictate details regarding
specific criteria that should be fulfilled, which leaves plenty
of room for flexibility when it is implemented in particular
organizations from different business sectors and varying
national cultures. This is a typical characteristic for all ISO
standards.

The ISO has developed an international standard for the
accreditation of testing laboratories in general (ISO 17025)
and one specifically for medical laboratories (ISO 15189)
(Dequeker, 2010; Canadian Standards Association, 2004;
International Organization for Standardization: ISO 15189
medical laboratories, 2012). ISO 15189 emphasizes the
quality of contributions to patient care, as well as that of
laboratory and management procedures, and is therefore the
preferred standard for genetic testing laboratories (Kenny,
2001; Burnett, 2006; Burnett and Blair, 2001; Harper et al.,
2010). In contrast, ISO 17025 is written in more general
terms and is applicable to a wide range of testing envi-
ronments. However, because the ISO 15189 standard is
designed for a wide range of medical laboratories, a certain
effort of reflection and interpretation may be necessary to
apply it in the context of genetic testing. This standard
covers all different aspects of medical laboratory activities,
including the provision of advice to customers of the lab-
oratory service, the collection of patient samples, the
interpretation of test results, acceptable turnaround times,
and the laboratory’s role in the education and training of
health care staff. In addition, this standard specifies re-
quirements for the preanalytical phase as well as for a
demonstration of the clinical relevance of a particular test.
Currently, most accredited medical laboratories in Europe
have adopted this standard or are in the process of doing so
(Dequeker, 2010).

Apart from accreditation standards, the OECD has
published specific Guidelines for Quality Assurance in
Molecular Genetic Testing that are equally applicable to
cytogenetics and biochemical genetics. This OECD
guideline document might be considered a sector-specific
document to be used in combination with existing
accreditation standards (Berwouts et al., 2010; OECD,
2007). The contents of the guidelines are not formal re-
quirements but they can be a useful complement to lab-
oratories for improvement and harmonization. The
minimum common requirements described address gen-
eral principles and best practices, quality assurance,
external quality assessment, reporting of results, and
training for laboratory personnel.

Personal copies of ISO standards can easily be bought
through the website of ISO (http://www.iso.org) or through the
National Standards Organization [e.g., Bureau voor Normal-
isatie (NBN) inBelgium,Deutsches Institut fürNormung (DIN)
in Germany, and Association Française de Normalisation
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(AFNOR) in France]. An overview of these bodies can
be found on the website of the European Committee
for Standardization, at http://www.cen.eu/cenorm/members/
nationalþmembers/ (Berwouts et al., 2010).

In the United States, the Clinical Laboratory Standard
Institute published policies, processes, and procedures
regarding laboratory QMS, including detailed guidelines
and recommendations for technologies in clinical genetic
testing services (CLSI, 2012). Of note, accreditation con-
forming to ISO 15189 is rare in US laboratories. Rather, US
laboratories follow the local requirements of the Clinical
Laboratories Improvement Act and the checklist of the
College of American Pathologist (CAP) for certification.
Finally, the OECD (OECD, 2007) published guidelines for
Quality Assurance in Molecular Genetic Testing that are
equally applicable to cytogenetics and biochemical
genetics.

29.3 ACCREDITATION AND
CERTIFICATION

There is still a misunderstanding about the difference be-
tween accreditation and certification (Berwouts et al.,
2010). Certification is a procedure by which a third party
gives written assurance that a product, process, or service
conforms to specific requirements. These specifications are
written by the laboratory or the manufacturer itself that
applies for the certificate. Furthermore, any certified third
party (private company, government, etc.) that is fully in-
dependent from the certification requester can make the
assessments necessary for the certification procedure.
Consequently, a certification does not guarantee a compa-
rable quality between two different businesses or services.
The ISO 9001 standard is the best known certification
standard. Certification of an organization’s QMS against
this standard will confirm the compliance to this standard,
but it does not assess the specific technical competence of a
laboratory. This means that ISO 9001 certification of a
laboratory does not assure accurate, reliable, or state-of-the-
art analytical testing (Dequeker, 2010).

Accreditation is the procedure by which an authoritative
body formally recognizes that a laboratory is competent to
carry out specific tasks. This goes way beyond certification,
because (1) an accreditation certificate cannot be delivered
by any third party, and (2) it is a quality system that is
composed of certain technical and analytical requirements.
Typical standards for laboratory accreditation are ISO
17025 and ISO 15189 (Table 29.1). Accreditation obliges
laboratories to meet a predefined set of standards regarding
laboratory management, facilities, staff qualifications and
training, performance, and regular participation in external
quality assessments. Accreditation of a laboratory can be
specific (e.g., certifying competence in carrying out a single

specific test) or broad (e.g., covering all analytical testing
performed in a laboratory) (Dequeker, 2010).

For many years, accreditation was predominantly seen
as a voluntary activity. However, accreditation for clinical
genetic testing laboratories has been widely embraced by
governments and policy makers in a growing number of
countries (OECD, 2007). Accreditation for genetic testing
laboratories is mandatory in a number of countries, such
as Belgium and France. The demand for accreditation
certificates given to laboratories by a recognized (inter-
national) accreditation body will help to ensure compli-
ance with upfront set requirements from government and
regulators, and may also serve as a safeguard for the
public.

Of note, some countries implemented a so-called
licensing system for health care facilities. This is distinct
from accreditation and certification, and is usually
mandatory and government-imposed (e.g., “agrément” in
France). Licensing does not necessarily require the eval-
uation of quality management or technical competence
(Dequeker, 2010).

29.4 ELEMENTS OF A QUALITY
MANAGEMENT SYSTEM

The initial step of introducing good-quality management in
the laboratory is the identification of key elements of a
quality system. These elements need to be integrated with
the existing path of workflow, processes, and organization
through the documentation of standard operating proced-
ures (SOPs) and the definition of objectives and policies in
a quality manual (Berwouts et al., 2010). Laboratory ac-
tivities to address these needs include planning and prep-
aration activities to ensure the laboratory is ready to
introduce or provide genetic testing services, and activities
to validate or verify the performance of new or updated
examination procedures. These activities are prerequisites
for providing examination services to laboratory users
(CLSI, 2012) (Fig. 29.1).

To support laboratories working toward accreditation
and improve the understanding of quality assurance,
interactive workshops were developed within the frame-
work of the EuroGenTest Network of Excellence
(EUGT NoE, FP6-512,148) (Berwouts et al., 2010;
Cassiman, 2005). A successful format was achieved by
integrating expertise in both laboratory and quality man-
agement, and in learning and change management. Further
collaboration with the educational committee of the Euro-
pean Society of Human Genetics will guarantee the conti-
nuity of these workshops.

All essential elements of a QMS are covered by the ISO
15189/ISO 17025 accreditation standards (Fig. 29.2). This
international standard specifies the requirements for both

Quality Assurance in Genetic Laboratories Chapter | 29 495

http://www.cen.eu/cenorm/members/national+members/
http://www.cen.eu/cenorm/members/national+members/
http://www.cen.eu/cenorm/members/national+members/


quality and technical/scientific competence in medical
laboratories. Management aspects include document con-
trol; identification of nonconformities; implementation of
corrective and preventive actions; and action plans to
continuously improve performance of internal audit and
management review, and resolution of complaints
and evaluation of external services, suppliers, contracts,
and referral laboratories. Technical elements enclose
personnel and training, accommodation, equipment, and
validation, and assuring quality of examination procedures
by internal quality control (IQC), EQA, maintenance, and
calibration (Berwouts et al., 2010). The most important
parameters of a quality system and their practical imple-
mentation in the laboratory are discussed subsequently.

29.4.1 Organization and Quality
Management

The genetic testing laboratory, or the organization of which
the laboratory is a part, must be legally identifiable. The
laboratory must define “who is legally responsible for the
work of the laboratory in the event of legal action being
taken.” Confidentiality is also critical in genetic testing
services, and policies on this matter should be written down
(Berwouts et al., 2010).

All responsibilities and authorities of personnel should
be defined, and as a result, conflicts of interest should be
identified. These could include financial, commercial, and
research or other influences, external or internal. The

TABLE 29.1 Standards Relevant to Quality Management in Clinical Genetics Laboratories

Standard Title Example Applications in Medical Genetics

ISO 9001 Quality management systems requirements Certification of compliance for genetic counseling ser-
vices or clinical consultations.

ISO/IEC
17025

General requirements for competence of testing and cali-
bration laboratories

Accreditation of testing laboratories.

ISO 15189 is generally more appropriate for medical
testing laboratories.

ISO 15189 Medical laboratories requirements for quality and
competence

Accreditation of testing laboratories. Pre- and postana-
lytical procedures, including patient contact, informa-
tion, and sampling can be included.

FIGURE 29.1 The laboratory’s path of workflow for genetic testing and its interfaces with clinicians and other users of laboratory services (CLSI, 2012).
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design, implementation, maintenance, and improvement of
the QMS are the responsibilities of laboratory management.
Therefore, they must be provided with sufficient time and
resources to carry out their duties, which may lead to the
reorganization of certain positions. The quality manager is
the person who takes overall responsibility for the QMS
and reports directly to the level of laboratory management.
However, it is important for the quality manager not to
work in isolation, but for him or her to interact with and get
support from other people working in the laboratory with
respect to the QMS. Typically, laboratories set up a quality
team to divide work and get everybody involved. Finally,
personnel should receive adequate training and supervision,
depending on their experience and level of responsibility.
The whole QMS must be described in a quality manual.
This quality manual is the formal, top-level document that
establishes the quality policies and objectives of an orga-
nization. It is used internally to outline the format of doc-
uments used in the QMS, as well as the roles and
responsibilities of the personnel responsible for manage-
ment of the QMS or technical procedures, and also

externally to give a clear and precise view of the organi-
zation and activities of the laboratory to potential clients
and inspectors. ISO 15189 provides clear instructions on
the content of the quality manual and quality policy
(Berwouts et al., 2010).

29.4.2 Document Control

Several documents will be generated for a QMS: SOPs,
worksheets, log books, validation and training files, and a
quality manual. These documents must be created, imple-
mented, communicated, and understood by all relevant
personnel. Document control is the mechanism by which
QMS documents are created, approved, distributed,
reviewed, revised, and archived. In other words, all docu-
ments are approved by authorized personnel before use and
a distribution list is available that identifies the current valid
versions.

Documents are periodically reviewed or revised when
necessary, and then reapproved. Invalid or obsolete docu-
ments are removed and the archived documents are

FIGURE 29.2 Elements of a quality management system (QMS). SOP, standard operating procedure.
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recognizable to ensure that staff uses only the latest
authorized versions. Finally, procedures must be defined
according to whether and how amendments and minor and
major changes, including handwritten changes, can be
made. Fig. 29.3 is a schematic overview of the different
phases in document control (Burnett, 2002).

29.5 QUALITY CONTROL

IQC is an internal verification that the test yields consistent
results day after day; in other words, it is the identification
measure of precision, but not necessarily of accuracy. ISO
15189 requires that “the laboratory shall design IQC sys-
tems that verify the attainment of the intended quality of
results,” but it does not provide details of specific controls
(Berwouts et al., 2010; Dequeker, 2010). On the one hand,
the laboratory should avoid mistakes (ISO 15189, 5.6.1) in
the process of handling samples, requests, examinations,
reports, and so on; on the other, the laboratory should
determine uncertainty (ISO 15189, 5.6.2) when relevant and
possible. For each test, the laboratory should identify and
define the potential errors, risks, and challenges (typically,
during the validation phase); subsequently, specific IQC
should be defined to ensure each risk and potential problem.
The defined controls should be documented in SOPs
(Westgard, 2003, 2006). Errors can also be traced and
reduced by keeping records of batch numbers of all labo-
ratory solutions to improve traceability and troubleshooting.
Labeling each tube with a unique code and double checking

before, during, and after transferring samples is also a pre-
ventive IQC measure. The standard states, “There shall be
effective separation between adjacent laboratory sections in
which there are incompatible activities.”

29.6 QUALITY ASSESSMENT

Although genetics laboratories are often in close contact with
each other, they operate in isolation and rarely compare or
benchmark their data with others. Therefore, EQA or profi-
ciency testing provides an opportunity to undertake such
comparisons and to have an independent appraisal of the
laboratory’s data compared with reference values or perfor-
mance criteria, or with the performance of similar laboratories
(Dequeker, 2010). Results from participation with EQA pro-
vides confidence to the laboratory director that the labo-
ratory’s performance is satisfactory or otherwise alerts that
investigation of potential problems within laboratory is
required. Several organizations initiated EQA schemes of
different scales and for different genetic disorders. Schemes
are organized by international groups such as the European
Molecular Quality Network, Cystic Fibrosis Network, Cyto-
genetics External Quality Assessment scheme, European
Research Network for evaluation and improvement of
screening, Diagnosis and treatment of Inherited Disorders of
Metabolism, and by national groups such as the UK National
External Quality assessment. In the United States, CAP and
CDC are the most recognized. Currently, laboratories from
other continents most often join the European or US

FIGURE 29.3 Document control process. From Berwouts, S., Morris, M.A., Dequeker, E., 2010. Approaches to quality management and accreditation
in a genetic testing laboratory. Eur J Hum Genet 18 (Suppl. 1), S1eS19.

498 Molecular Diagnostics



initiatives. The most remarkable difference between the
schemes organized in the United States and Europe is the
inclusion of the report in the assessment: The European
schemes include the evaluation of the reports and interpreta-
tion of the result, whereas the US schemes are limited to the
assessment of the correct analytical result (Dequeker, 2010).

Longitudinal research demonstrated that regular partic-
ipation in EQA contributes to a more complete interpreta-
tion in laboratory test reports. It seems likely that
laboratories that do not participate in EQA and whose re-
ports have never been objectively assessed by peers and
against expert opinions would have relatively low inter-
pretation scores, comparable to those that have participated
in only 1 of the 3 investigated years (Berwouts, 2012a,b).

29.7 DIAGNOSTIC VALIDATION

The validation and verification of laboratory methods and
procedures before their use in clinical testing are essential
for providing a safe and useful service to clinicians and
patients (Mattocks et al., 2010). In addition, it is a formal
requirement of accreditation standards, including ISO
17025 and ISO 15189, that (genetic) tests and instruments
must be validated before diagnostic use to ensure reliable
results for patients, clinicians, or referring laboratories and
their quality must be maintained throughout use. In other
words, the laboratory must demonstrate that its tests are fit
for the intended use before application to patient samples
(Berwouts et al., 2010).

The process of implementing a genetic test for diag-
nostic use is complex and involves many levels of
assessment and validation. Key components of the pro-
cess, as detailed by the ACCE framework, are analytical
validation, clinical validation, clinical utility and
consideration of the ethical, legal, and social implica-
tions of the test (Haddow and Palomaki, 2003). After
making a decision to set up a diagnostic test, the tech-
nology to be used must be chosen and built into a suit-
able laboratory process.

The development stage involves assessment of both the
diagnostic and technical use of the process to ensure that
the measurements obtained are relevant to the diagnostic
question(s) and that the analyte(s) can be unambiguously
identified (i.e., that there are no confounding factors). The
final stage of the laboratory process is to determine whether
the performance of the test meets the required diagnostic
standards in terms of accuracy. Whether this is achieved by
performing analytical validation or verification depends on
the existence of a suitable performance specification that
details the expected accuracy of the test under given con-
ditions (Mattocks et al., 2010; Berwouts et al., 2010).

The relatively fast emergence and the great success of
new technologies, such as next-generation sequencing
(NGS), hail a new era in genetic diagnostics. However, the

new technologies bring challenges both at the technical
level (e.g., target enrichment kits for targeted and whole-
exome sequencing) and in terms of data management, as
well as for the interpretation of the results. These aspects
warrant a consideration of what the precise role of NGS in
diagnostics will be today and tomorrow, before it even sets
sail and acquires the machines and the skills. This is cir-
cular, of course, because only practice will tell us how well
the tool performs. Guidelines for the evaluation and vali-
dation of NGS applications for the diagnosis of genetic
disorders were written by EuroGenTest/ESHG (Matthijs
et al., 2016).

29.8 QUALITY IMPROVEMENT

Internal and external audits, and follow-up of non-
conformities, are essential elements to ensure the quality of
laboratory results. This implies the formal approach to
assess performance regularly coupled with systematic
efforts to improve it. The continual process leads to the
improved effectiveness of activities in a laboratory. Quality
improvement can be realized by analytical test improve-
ments, process improvement, and people-based improve-
ment. Examples of programs are Six sigma,
plan-do-check-act, and total quality management. Quality
improvement involves both prospective and retrospective
reviews. To achieve improvement, it is important first to
measure the current status before figuring out ways to
improve it. This process specifically attempts to avoid
attributing blame and to create systems that prevent errors
from happening.

29.9 CONCLUSIONS

Implementing a QMS is a process with different phases
starting from the decision of the management to imple-
menting a QMS, choosing an appropriate standard, dele-
gating responsibilities, and collecting information, through
formalizing SOPs, offering training, and performing vali-
dation and audits. This requires a lot of energy and time for
laboratory personnel. However, all of the time invested will
return in the form of increased quality for the patient and
confidence in test results, as well as higher efficiency and
traceability (Berwouts et al., 2010).
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