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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



xviii Preface, Third Edition

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

Ecole 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. Patrinos’, P.B. Danielson”* and W.J. Ansorge"*

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

Research and Education, Willow Grove, PA, United States; *Ecole 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

Molecular Diagnostics. http://dx.doi.org/10.1016/B978-0-12-802971-8.00001-8
Copyright © 2017 Elsevier Ltd. All rights reserved.

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 o-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.,


http://dx.doi.org/10.1016/B978-0-12-802971-8.00001-8

2 Molecular Diagnostics

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 polymerase—optimization 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

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
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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 Tag 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).

. 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.

. 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 Tag polymerase (at a range of 10~ to
10~ 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” assays—for 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

Technology development for the complete and error-free sequencing of the human genome for patients

Development of software tools for genotype—phenotype correlation in patients’ genomic profiles

Medicine

Number of

genomes Impact

Thousands Identification of human genomic variations
and the general population

Millions Understanding of the molecular basis of human genetic diseases
Optimization of the genotype—phenotype correlation

Billions e Predictive and personalized medicine

Treatment individualization
Improvement of quality of life
Prevention of human diseases
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FIGURE 1.1 Schematic drawing depicting the interplay among the
various omics disciplines that contribute to the implementation of
personalized medicine.

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

Molecular Diagnostics. http://dx.doi.org/10.1016/B978-0-12-802971-8.00002-X
Copyright © 2017 Elsevier Ltd. All rights reserved.

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
alist 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.

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

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

e Duplication: a change in a specific sequence where,
compared to the reference sequence, a copy of one or
more nucleotides is inserted directly 3' of the original
copy of that sequence

e 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 5’ from the
insertion location

e 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

TABLE 2.1 Reference Sequences

e 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)

e 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

e 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.

Position Numbering in Relation to
First nucleotide of the genomic reference sequence

First nucleotide of the translation start codon of the coding DNA reference

First nucleotide of the noncoding DNA reference sequence
First nucleotide of the mitochondrial DNA reference sequence

First nucleotide of the translation start codon of the coding RNA reference

sequence or first nucleotide of the noncoding RNA reference sequence

Numbering Scheme Prefix

Genomic DNA g.

Coding DNA c.

sequence

Noncoding DNA n.

Mitochondrial DNA m.

RNA r.

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, 5'/3" 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 Irg-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 Numbering Residues

Genomic Reference Sequence

Location Nucleotide NC_000023.10

LRG_199 (DMD)

(Table 2.2). Nucleotides 5’ of the ATG are numbered ... -3
-2 -1, and nucleotides 3’ 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 5’ end of the intron with +1
(e.g., ¢.77+1, ¢.774+2, ¢.77+3 ...) and ending at the 3’ end
with -1 (e.g., c78-3, c.78-2, ¢.78-1). The number prefix
changes in the middle of the intron from “+” to “-”. For
introns with an uneven number of nucleotides, the central
nucleotide is the last to be numbered with a “4”.

For variants in stretches of repeated sequences
(e.g., TTT, agcagcagc, HisHisHisHis) the so-called 3’ rule
applies, stating that the most 3’ 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

Coding DNA Reference Sequence
LRG_199t1, NM_004006.2

5’ transcription start g.33231774 g.130953 C.-2345 (c.-244-u2101)°
In 5" UTR g.33229552 g.133175 c.-123

(In intron in 5" UTR)" (c.-55+23/c.-54-23)"

A of the ATG start codon 8.33229429 g.133298 c.1

In coding DNA 8.32862930 g.499797 c.234

In intron, 5’ side 2.32380903 2.981883 c.5325+2°

In intron, 3’ side 8.32366647 2.996080 c.5326-2°

G of the TAG stop codon g.31140036 8.2222791 c.11058

In 3 UTR g.31139691 g.2222836 c.*345

(In intron in 3' UTR)? (C.*54+4-23/c.*55-23)°

3/ transcription end 2.31136580 8.2226247 C.*3456 (c.*2691+d756)"

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).

?Coding 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 5 or 3 untranslated region (UTR).
“Proposed (not yet approved) to allow the discrimination of nucleotides that are 5" (u = upstream) or 3’ (d = downstream) of the transcript (RNA).
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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 orT Not-A (B follows A
in the alphabet)

D A G orT Not-C (D follows C
in the alphabet)

H A CorT Not-G (H follows G
in the alphabet)

K GorT Keto

M Aor C aMino

N A C G orT aNy

R Aor G puRine

S GorC Strong interaction
(3 H-bonds)

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

W AorT Weak interaction
(2 H-bonds)

Y CorT 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".

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.c.,
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), ¢.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 3’ possible position is
arbitrarily deemed to have been changed.

One residue: g.215,914,514del (NC_000,002.11),
¢.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.lle2135_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 5" and 3’
undefined breakpoints; and g.2345_(5678_7890)del with
one sequenced and one undefined breakpoint. Descriptions
should not use exon or intron numbers (EX3_EXS5del,
IVS2_1VS5del).

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 3’ possible
position is arbitrarily deemed to have been changed.

One residue: g.103,396,826dup (NC_000,014.8),
¢.1253dup (NM_030,943.3), r.1253dup (NM_030,943.3),
p-(Leud46dup) (NM_001,077,488.2, NP_001,070,956.1).

Several residues: g.54,209,303_54,209,308dup (NC_
000,023.10), ¢.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: 8.103,396,826_103,396,827insT
(NC_000,014.8), c.1253_1254insC (NM_030,943.3), r.12
53_1254insc  (NM_030,943.3), p.(Leud6_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),
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p.-Vall18_Glul19insArgCysThr
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,
013.10:8.19,586,135_19,586,136insAB077488.1:129_366.

(NM_017,848.4, NP_

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), ¢.6403_6409delinsGT (NM_006,015.4),
r.6403_6409delinsgu (NM_006,015.4), plle2135_-
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:
8.27,106,792_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:
8.42,522,624_42,522,669con42536337_42,536,382 (NC_
000,022.10), ¢.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:Alall_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./46,993,570GGC[14] (NC_000,023.10),
¢.-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), ¢.-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: ¢.-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); ¢.[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): .[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*#7), 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.MetlValextMet-12 (N-terminal exten-
sion of 12 amino acids, Met-12 to Thr-1). Similarly,
p.Ter110GlnextTerl7 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

LUMC Mutalyzer DNA tools ~ Batch Jobs ~ Web Services

External links ~

Help ~ About

Welcome to the Mutalyzer website

The aim of this program suite is to support checks of sequence variant nomenclature according to the guidelines of the Human Genome Variation

Society.

Name Checker

The Name Checker takes the complete sequence variant description as input and checks whether it is correct.

Examples: AB026906.1:c.274G>T, NG_012337.1(SDHD_v001):c.274G>T

LRG_321t1:c.100del

Check variant description

Syntax Checker

Takes the complete sequence
variant description as input
and checks whether the
syntax is correct.

Description
Extractor

Allows you to generate the
HGVS variant description

from a reference sequence
and an observed sequence.

FIGURE 2.1

Position
Converter

Converts chromosomal
positions to transcript
orientated positions and vice
versa.

Reference File
Loader
Allows you to load and use

your own reference
sequence.

SNP Converter

Allows you to convert a

dbSNP rsld to HGVS notation.

Batch Checkers

Interfaces accepting a list of
inputs that can be used for
large quantities of checks.

Name Generator

A user friendly interface that
helps to make a valid HGVS
variant description.

Web Services

Provides instructions for the
web services.

The Mutalyzer homepage provides access to the different functionalities.
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) variant Description Extractor

Please note that this is an experimental service and we are currently limiting input sequences to 15,000 bp.

Extract the HGVS variant description from a reference sequence and an observed sequence. For now, we require the user to fill in two sequences. After
the testing phase, we plan to use the underlying algorithm for:

o Disambiguation in the name checker. This will enable full support for complex variants.
e Comparison of two reference sequences. Useful for migrating a variant description to an other reference sequence.
o Implementation of a Reference Sequence Editor.

The algorithm is implemented in the HGVS variant description extractor. To apply it on longer input sequences than accepted on this page, you can
download that package and run it locally.

Please supply a reference sequence and an observed sequence.

Reference input
Ref
@ Enter a sequence (FASTA, FASTQ, or plain text). RNCe sequence
€ Upload a file (FASTA, FASTQ, or plain text). ATGATGATCAGATACAGTGTGATACAGGTAGTTAGACAA

¢ Enter a RefSeq accession number.

Example: ATGATGATCAGATACAGTGTGATACAGGTAGTTAGACAA

Sample input
& Enter a sequence (FASTA, FASTQ, or plain text). Sample sequence
¢ Upload a file (FASTA, FASTQ, or plain text). ATGATTTGATCAGATACATGTGATACCGGTAGTTAGGACAA

€ Enter a RefSeq accession number.

Example: ATGATTTGATCAGATACATGTGATACCGGTAGTTAGGACAA

Extract variant description Help

0 Errors, 0 Warnings.

Input
Field Value
Reference input ATGATGATCAGATACAGTGTGATACAGGTAGTTAGACAA
Sample input ATGATTTGATCAGATACAT. . . TACCGGTAGTTAGGACAA
Description

[5_6insTT;17del;26A>C;35dup]

Overview of the raw variants

Start End Type Deleted Inserted Shift Description
5 6 ins T 1 5_6insTT
17 17 del G 0 17del

26 26 subst A C 0 26A>C

35 35 dup G 1 35dup

Please note that the generated descriptions use one-based coordinates where we start counting at the start of the supplied sequence. This means that
for genomic reference sequences, the result will be in g. coordinates, while for transcripts the result will be in n. coordinates.

Mutalyzer 2.0.17 HGVS nomenclature version 2.0 éfl

C
released on 24 Mar 2016 © 2009-2016 LUMC

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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(A) LUMCMutalyzer ~ DNAtools -

Name Checker

Please insert the variant description using the HGVS format:

<accession number>.<version number>(<gene symbol>):<sequence type>.<variant description>

Variant description
LRG_321t1:c.454_455insC

Examples: AB026906.1:c.274G>T, NG_012337.1(SDHD_v@@1):c.274G>T

Check variant description Help

Insertion of C at position 17393_17394 was given, h the HGVS p ibes that it should be a duplication of C at position
17394_17394.

0 Errors, 1 Warning.

. X Exon information
Overview of the raw variants

Raw variant 1: insertion between 17393 and 17394 Start Stop Start  Stop
Number  (g.) (g) ) ()

CAGCTGTGGGTTGATTCCACACCCC - CGCCCGGCACCCGCGTCCGCGCCAT

CAGCTGTGGGTTGATTCCACACCCC € CGCCCGGCACCCGCGTCCGCGCCAT 1 5001 5174 202 29
2 15020 16030 28 74
Genomic description 3 16148 6ie0. 5 96
LRG 321:g.17394dup
4 16279 16557 97 375
Affected transcripts 5 17315 17498 376 550
LRG 321t1:c.455dup
6 17580 17692 560 672
LRG 321t2:c.455dup
R 7 18261 18370 673 782

(B) LUMC Mutalyzer  DNAtools ~

CDS information

Affected proteins
LRG_321p1:p. (Arg248Trp) 9- s
LRG_321p2:p. (Arg248Trp) Start 15957 1
LRG_321p3:p. (Arg248Trp) Stop 22042 182
LRG_321p4:p. (Arg209Trp)
LRG_321p5:p. (Arg89Trp) Links
LRG_321p6:p. (Arg89Trp) TL‘RG 3'21 d th:s f q file:

Xmi

LRG_321p7:p. (Arg89Trp)

LRG_321p8:p. (Arg2e9Trp)

Reference protein

1 MEEPQSDPSV EPPLSQETFS DLWKLLPENN VLSPLPSQAM DDLMLSPDDI EQWFTEDPGP

61 Tl WPLSSSVPSQ KTYQGSYGFR LGFLHSGTAK
121 SVTCTYSPAL NKMFCQLAKT CPVQLWVDST PPPGTRVRAM ATYKQSQHMT EVVRRCPHHE
181 RCSDSDGLAP PQHLIRVEGN LRVEYLDDRN TFRHSVWWPY EPPEVGSDCT TIHYNYMCNS
241 SCMGGMNRRP ILTIITLEDS SGNLLGRNSF EVRVCACPGR DRRTEEENLR KKGEPHHELP
301 PGSTKRALPN NTSSSPQPKK KPLDGEYFTL QIRGRERFEM FRELNEALEL KDAQAGKEPG
361 GSRAHSSHLK SKKGQSTSRH KKLMFKTEGP DSD*

Protein predicted from variant coding sequence

1 MEEPQSDPSV EPPLSQETFS DLWKLLPENN VLSPLPSQAM DDLMLSPDDI EQWFTEDPGP

61 Tl WPLSSSVPSQ KTYQGSYGFR LGFLHSGTAK
121 SVTCTYSPAL NKMFCQLAKT CPVQLWVDST PPPGTRVRAM AIYKQSQHMT EVVRRCPHHE
181 RCSDSDGLAP PQHLIRVEGN LRVEYLDDRN TFRHSVWWPY EPPEVGSDCT TIHYNYMCNS
241 SCMGGMNWRP ILTIITLEDS SGNLLGRNSF EVRVCACPGR DRRTEEENLR KKGEPHHELP
301 PGSTKRALPN NTSSSPQPKK KPLDGEYFTL QIRGRERFEM FRELNEALEL KDAQAGKEPG
361 GSRAHSSHLK SKKGQSTSRH KKLMFKTEGP DSD*

FIGURE 2.3 Mutalyzer’s Name Checker verifying and correcting the description of the ¢.454_455insC variant in transcript t1 of the T7P53 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:

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

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

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

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

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

LUMC Mutalyzer DNA tools ~ Batch Jobs ~

Web Services

All tools are available to analyze variants one by one or
in batch mode. Mutalyzer has a web service (SOAP and
HTTP/RPC+JSON) 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,

External links ~ Help ~ About

Position Converter

Please supply the genome assembly which you want to use to convert your position.

Note: The Position Converter does NOT check the description or normalize it to HGVS. Use the Name Checker for this.

Build

Homo sapiens — GRCh37 (hg19)

Variant description

LRG_321t1:c.455dupC

Examples: NM_©03002.3:c.274G>T, LRG_9t1:c.274G>T, chrll:g.111959693G>T and NC_@00011.9:g.111959693G>T

Convert variant description

Chromosomal variant
NC_000017.10:g.7578277dup
Found transcripts in variant region
TP53 = LRG_321t5:c.176dup
LRG_321t6:c.176dup

LRG_321t7:c.176dup
NM_001126115.1:c.176dup

NM_©001126116.1:c.176dup
NM_001126117.1:c.176dup
NM_001276697.1:c.95dup
NM_001276698.1:c.95dup
NM_001276699.1:c.95dup

NM_000546.4:c.572dup
NM_©01126112.1:c.572dup
NM_©01126113.1:c.572dup
NM_001126114.1:c.572dup
LRG_321t1:c.455dup

LRG_321t2:c.455dup
LRG_321t3:c.455dup
LRG_321t4:c.572dup
LRG_321t8:c.455dup
NM_000546.5:c.572dup

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 7ag 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
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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 3’ nucleotide of a PCR primer and the template pre-
vents primer extension by the Tag 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 3’ residue and the mutant allele. Conversely,
only the mutant will be amplified if the 3’ 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 PCR—ARMS pro-
tocols rely on the target sequence and the nucleotide dif-
ferences that define the alleles. In addition to mismatches
between the 3’ terminal base of the primer and the target,
single mismatches should be incorporated at several posi-
tions from the 3’ terminus. The design and optimization of

PCR—ARMS primers follow the same considerations used
for any other type of PCR, namely: (1) primers are chosen
to have comparable theoretical melting temperatures (Ty,),
(2) primer lengths are generally 20 nucleotides or longer,
although the length is less important than the T, 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 3’ ends. As
with any conventional PCR strategy, avoiding false
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FIGURE 3.1 (A) PCR—ARMS 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 PCR—ARMS 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 2—4: IVS 8-1 G > C heterozygote. (B) Genotyping of HFE p.C282Y mutation using PCR—ARMS.
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 PCR—ARMS assays, run off opposite strands. One PCR—ARMS 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
PCR—ASO of HBB gene mutations. PCR—ASO 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 MgCl, 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 PCR—ARMS 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).

PCR—ARMS 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, PCR—ARMS 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), PCR—ASO 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
(15—17 mers) with a low GC content (or guanine-cytosine
content) (usually 30—50%), 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 PCR—
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 PCR—ASO protocols used radiolabeled oligonu-
cleotide probes with [y->P] 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 3’ 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 5’ 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 o- and B-thalassemia
mutation detection (reviewed in Patrinos et al., 2005).

The PCR—ASO 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 5’ to 3’ 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 (5’ to 3’) 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 streptavidin—biotin 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 (lannone 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 PCR—OLA 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 biotin—streptavidin interaction
into a well, a particle, or a pin. Furthermore, PCR—OLA
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 PCR—SSCP 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
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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 6—8 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, 237—241.). Lanes 1, 2: Exon 8
(lane 1: normal individual; lane 2: heterozygous case); Lanes 3—7: 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 3—6 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: ¢X174/Haelll size marker. Photo courtesy of Dr. Angeliki Balasopoulou, Athens, Greece.

sequencer enables highly sensitive fragment detection and  standard DNA labeled with a dye different from that of the
permits the strict control of any desired temperature, a sample DNA allows the relative fragment mobility of
fundamental requirement of SSCP analysis to obtain sample DNAs to be reproducibly determined using the
reproducible results. Coelectrophoresis of an internal size  mobility of the internal standard DNA as a reference.
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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 5—7 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 5—10% 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 300—350 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 RNA—SSCP 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 5 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., 2000).

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 BRCAI and
BRCA?2 coding regions can be completed in a single run
within 1.5 h (Esteban-Cardefiosa 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), NFI (Shen et al.,
1993) and NF2 (Sainz et al., 1994), APC (Paul et al., 1993),
PKU (Wood et al., 1993a), BRCAI and BRCA2 (using the
CE-HDA approach; Kozlowski and Krzyzosiak, 2001;
Esteban-Cardenosa 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 50—300-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 Ty, 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 Ty, 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 Ty, 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 Ty, 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 Ty, of the affected melting domain (Ke and Wartell,
1995). The Ty, 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 Ty, 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
2—10mm in a typical polyacrylamide gel, and the
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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.

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 Ty,. As such, it becomes prob-
lematic to visualize genomic variants that are present in
DNA fragments with multiple melting domains with
different T,,, 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 T,
domains under the conditions of the experiment. In other
words, only mutations within the lowest Ty, 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 Ty,) could be visualized in the gel. However,
owing to its high GC content, the GC-clamp has a

significantly higher Ty, 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 + 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
5" modified by 5-(|-hexyloxy)-psoralen. The 5 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 5’-TpT in double helical DNA (this
will be the complementary sequence of the 3’ terminus of
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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
5—15 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 T, 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 50—300 bp in length, in
which all bps have nearly identical Ty,. 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 20—60°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 T,, 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
etal., 1991; Wiese et al., 1995); microtemperature-gradient
gel  electrophoresis, ~where a  minimized  gel
(20 x 20 x 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 wurea) a sieving gradient
(e.g., 6—12% 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 PCR—ARMS and PCR—ASO,
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

Gene
COL1A2

Application

Screening of genes in the human nu-
clear genome SERPINAT
HBGI1/HBG2
TP53

FBNT

NF1
DMD
HBD
HBB
MENT

Human Leukocyte
Antigen typing

Single nucleotide

polymorphism discovery
Mitochondrial genome Mitochondrial variants

Molecular microbiology Bacterial analysis

Microbial genome
profiling

Viral genome screening

Plant molecular biodiversity
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Hayes (2003)
Patrinos et al. (1998, 2001)
Pignon et al. (1994)

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

Peters et al. (1999) and Fahsold et al., 2000
Hofstra et al. (2004)

Papadakis et al. (1997)

Losekoot et al. (1990)

Balogh et al. (2004)

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

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

Hanekamp et al. (1996) and Chen et al. (1999)

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

Watanabe et al. (2002)

Lu et al. (2002) and Motta et al. (2002)

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 (300—500
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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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 (Taqg) 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 Tag DNA polymerase, creating a
complementary DNA strand via the sequential addition of
deoxynucleotides (ANTPs), 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 55—65°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 7ag 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 Tag DNA polymerase.

Molecular Diagnostics. http://dx.doi.org/10.1016/B978-0-12-802971-8.00004-3
Copyright © 2017 Elsevier Ltd. All rights reserved.

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 4.1 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 Tag 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 55—65°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.
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(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
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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, prime—probe 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 TagMan system. The technique is based on the coupling
of two important processes: first, the construction of dual-
labeled oligonucleotide probes, also called hydrolysis or
TagMan® 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 dipole—dipole coupling (Stryer, 1978;
Cardullo et al., 1988); and second, the discovery that the
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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) gPCR publications; (B) RT-gPCR publicatons.
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Tag DNA polymerase possesses, next to its 3’-> 5’ poly-
merase activity, a 5'-> 3’ 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 3’ 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 5'-> 3
exonuclease activity of the Tag 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-(4A-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 wusing 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 (N',N’-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,
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FIGURE 4.4 Hydrolysis or TagMan probes. The dual-labeled TagMan probe is cleaved by the 5’ exonuclease activity of the Tag 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.



