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Preface

In recent years we have witnessed a fast evolution of diagnostic technologies and
their applications. The latest breakthroughs include a paradigm shift in sequencing
and advances in mass spectrometry.

In 2012 we celebrated the 50th anniversary of the Nobel Prize in Physiology or
Medicine for the discovery of the structure of DNA by Francis Crick, James Watson
and Maurice Wilkins. This anniversary coincided with the complete decoding of the
three billion base pair genome of James Watson, an effort which represented an
unprecedented display of genomic diagnostics that just a few years ago was only
possible in science fiction. This early success of complete genome sequencing of a
few individuals was followed by the “1000 Genome Project” which aimed to
decode comprehensively the base pairs of 1,000 individuals sampled around the
world. The decoding of a significant percentage of the genome of an individual
marks the new era of Personalized Genomic Medicine. Today’s technology of
massive parallel sequencing (also known as next generation sequencing and high
throughput sequencing) has been made possible by using at least three Nobel Prize
winning technologies, namely (1) sequencing of nucleic acids (Walter Gilbert and
Frederick Sanger, 1980 Chemistry), (2) polymerase chain reactions (Kary Mullis,
1993 Chemistry), and (3) imaging semiconductor circuits (Willard Boyle and
George Smith, 2009 Physics). More state-of-the-art technology is being
incorporated into forthcoming generations of equipment in order to achieve a
further increase in sequencing throughput and precision.

In this volume, a review of the existing and emerging massive parallel sequencing
platforms sets the stage for a subsequent discussion of the application of genomic
diagnosis (see chapter “Next Generation Sequencing: Chemistry, Technology and
Applications”). This rapidly evolving and powerful technology moves quickly from
the explorative stage to clinical application, despite ongoing discussions of various
ethical, social, and regulation issues. The innovative utility of simultaneously
analyzing a group of genes for making genetic diagnoses is reviewed in the chapter
“Application of Next Generation Sequencing to Molecular Diagnosis of Inherited
Diseases.” One of the many applauded applications is the non-invasive prenatal
diagnosis for genomic abnormality of the fetus. Screening for Down syndrome is
now possible using a sample of peripheral blood collected from the pregnant mother.
This is covered comprehensively in the chapter “Clinical Applications of the Latest
Molecular Diagnostics in Noninvasive Prenatal Diagnosis.” However, new analytic
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and bioinformatic algorithms are required to handle the vast amount of data or
genetic variants generated by massive parallel sequencing. The chapter “The Role of
Protein Structural Analysis in the Next Generation Sequencing Era” provides a
review on how the current knowledge of protein structure and sequencing informa-
tion help in the data processing.

The chapter “Emerging Applications of Single-Cell Diagnostics” introduces the
emerging diagnostic area of single cell analysis. While all current diagnostic
techniques sample hundreds or thousands of cells for analysis and return either a
summative or average readout of an analyte in these hundreds or thousands of cells,
no information is known about the concentrations or their variation in an individual
cell. Therefore, there is a need to carry out analysis at the single cell level and it is
hoped that this will lead to further development in the future.

Mass spectrometry has played a key role in metabolomics diagnostics in the
clinics, allowing unambiguous identification of metabolites and their isoforms.
Quantification at high precision can be achieved through various approaches. The
application of multiple reaction monitoring in simultaneous assays of multiple
analytes is covered in the chapter “Mass Spectrometry in High-Throughput Clinical
Biomarker Assays: Multiple Reaction Monitoring.” It is followed by a critical
appraisal of the use of matrix-assisted laser desorption (MALDI) time-of-flight
mass spectrometry (TOF-MS), especially surface-enhanced laser desorption/ioni-
zation (SELDI) TOF-MS, which possesses both the ability to discover novel
biomarkers and quantification of known proteins and biomolecules (see the chapter
“Advances in MALDI Mass Spectrometry in Clinical Diagnostic Applications”).
The volume is concluded with the case of successful applications in the medical
field. By using few drops of blood, newborn screening can identify babies with
various genetic diseases soon after birth. These developments in tandem mass
spectrometry methods in newborn screening are reviewed in the chapter “Applica-
tion of Mass Spectrometry in Newborn Screening: About Both Small Molecular
Diseases and Lysosomal Storage Diseases.”

Hong Kong SAR, People’s Republic of China Nelson L.S. Tang

NT received grant support from NSFC (31171213) and Shenzhen Municipal
Government (GJHS20120702105523299).
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Next Generation Sequencing: Chemistry,
Technology and Applications

Pei Hui

Abstract High-throughput next generation sequencing (NGS) has been quickly
adapted into many aspects of biomedical research and begun to engage with the
clinical practice. The latter aspect will enable the application of genomic knowl-
edge into clinical practice in this and next decades and will profoundly change the
diagnosis, prognosis and treatment of many human diseases. It will further demand
both philosophical and medical curriculum reforms in the training of our future
physicians. However, significant huddles need to be overcome before an ultimate
application of NGS in genomic medicine can be practical and fruitful.

Keywords Next generation sequencing - Genomic medicine
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1 Introduction

The conclusion of the human genome sequencing project in 2003 established
the molecular basis for the understanding of many disease processes at genetic
level [1]. As a result, the availability of reference sequence of the human genome
has fueled the emergence of a new era of genomic medicine [2-5]. Advance in
technology of high throughput next generation sequencing (NGS), also known
as massively parallel or multiplex cyclic sequencing, is the key element that
will enable the application of genomic knowledge into clinical practice. However,
DNA sequencing and related genomic informatics must become more economical,
informative, and readily applicable for the ultimate transition from empirical
practice to precision medicine [6, 7]. The current speed of evolution of NGS
technology is stunning and will soon result in the delivery of low-cost, high-
throughput, and even portable DNA sequencing apparatuses to clinical laboratories.
In fact, NGS has already begun to produce clinical benefits in some healthcare
setting [8—10]. In the next few decades, genomic medicine driven by NGS will
profoundly change the diagnosis, prognosis, and therapy of human diseases. It will
demand both philosophical changes and curriculum reform in the training of our
future physicians as well.

In order to get there, there are obstacles remaining to be overcome, such as
developing sophisticated bioinformatics and computational biology techniques for
analyzing vast amount of sequencing data, understanding variations of the
genome, understanding genetic and non-genetic bases of human diseases,
establishing effective ways to deliver evidence-based genomic medicine, and,
finally, resolving ethical and legal issues in the practice of genomic medicine. In
this chapter, the chemistry and technological background of NGS will be
presented. It will be concluded by the direction of future technological develop-
ment in these aspects.

2  Chemistry

DNA sequencing undertaken by the Human Genomic Project was completed in 2003
almost exclusively by Sanger’s method, the first generation sequencing. In 2007,
DNA sequencing was taken to the next level when the [llumina genome analyzer
was introduced, heralding the era of next generation sequencing. Within 1 year, NGS
was used successfully to sequence the first individual human genome (James
Watson) in 2008 [11]. Now NGS technology is evolving at an unprecedented pace
along with diminishing cost. It is expected that the cost will be approaching less than
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$10,000 per human diploid genome in the coming years [12]. At the time of writing,
a typical platform could produce up to 600 giga-base data in a sequencing run that
lasts for 7-10 days. The data represent about 6,000,000,000 sequencing reads with a
length of 100 bases.

Generally speaking, NGS employs DNA synthesis or ligation chemistry
(sequencing-by-synthesis) to read through many independent DNA templates at
the same time in a highly parallel fashion to produce a tremendous quantity of DNA
sequence data. Sequencing-by-synthesis strategies [13] include a single molecule
approach or ensemble approach (sequencing of multiple clonally amplified DNA
targets on isolated surfaces or beads). Both approaches can be accomplished in
either real-time fashion (DNA polymerase synthesizes without interruption) or
synchronous-controlled fashion (DNA polymerase synthesizes in “stop-and-go”
through controlled delivery of nucleotides or temporarily limiting extension using
modified nucleotides or metal catalysts). The detection of signal can be achieved by
fluorescent labeling of nucleotides, enzyme-coupled chemiluminescence assays for
pyrophosphate, and pH change as result of proton release during each nucleotide
incorporation.

One sharp contrast to the first generation Sanger sequencing is that NGS
generates short reads of frequently less than 500 bp as opposed to over 1,000 bp.
However, the massive depth of coverage, i.e. multiple reads over the same template
DNA region, compensates for the limitations of short reads. NGS technologies have
drastically increased the speed and throughput capacities over Sanger sequencing
while reducing cost, even as we write. NGS may be classified into second and third
generations according to their years of availability and chemistry. Second genera-
tion sequencing essentially uses DNA synthesis chemistry as employed by the
traditional Sanger’s sequencing. Third generation sequencing (Ion Torrent of Life
Technologies, Inc and single polymerase sequencing platforms of PacBioRS, Inc)
employs distinct chemistries, which will be elaborated in the following technology
section.

3 General Workflow of NGS

Regardless of various sequencing chemistries, both second and third generations of
NGS require highly complex pre-sequencing target preparation procedures and
post-sequencing bioinformatics data analysis (Fig. 1). The pre-sequencing step
includes target DNA enrichment and NGS library preparation. Target enrichment
can be accomplished by amplification methods (PCR, Long-ranger PCR, or
Raindance fluidigm PCR) or hybridization capture methods (by solid phase or in
solution). NGS library preparation generally involves (1) fragmentation of the
enriched target DNA by physical methods (sonication, acoustic wave or nebuliza-
tion) into generally a length of 150-500 base pairs (library sequences), (2) ligation
of the fragments to adaptor primers, and (3) clonal amplification of the library by
either emulsion bead PCR or surface cluster amplification.
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Template DNA/cDNA

Selection and Enrichment

Target DNA Fragments
Adaptor Ligation/Clonal Amplification

Sequencing Library

Next Generation Sequencing Platforms

Sequencing Data
\

/

Interpretation and Reporting
Fig. 1 Workflow of next-generation sequencing. This target enrichment and library sequencing
approach are typically used in second and third generation sequencing approaches

Bioinformatics

The performance of sequencing reaction and capture of sequence data are the
subject of a subsequent section. After a sequencing reaction, billions of reads are
generated. Each read contains the sequence, typically ~100 bases in length, of a
single template clone. Post-sequencing bioinformatics analysis generally involves
sequence image processing to generate base sequences, sequence file conversion to
readable files, and sequence alignment with reference DNA sequence for final
variant identification and annotation. Adequacy of NGS relies on the sequence
coverage and the depth. Sufficient coverage of DNA regions of interest is essential
and sufficient depth of coverage (how many reads of the same region) is critical for
accuracy and interpretation. Some common problems associated with NGS include
sequencing reads are too short, resulting in difficulties in final sequence assembly or
mapping; not all sequences are equally processed at high GC rich regions and
homopolymers, amplification bias is inherent to some target enrichment processes,
and sequencing errors (particularly longer reads) occur from 0.01 to 16 per 100 base
read [14].

4 Evolution of Sequencing Technology

4.1 First Generation Sequencing

First generation sequencing technologies include sequencing by synthesis developed
by Sanger [15] and sequencing by cleavage pioneered by Maxam and Gilbert [16].
Sanger sequencing dominated the biomedical research field before 2008. Standard
four-color fluorescent labeling, where each color relates to one of the four DNA
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bases, has been the method of choice for detection by automated capillary electropho-
resis (CE) platforms, commercially available from Applied Biosystems Inc., Life
Technologies Inc., and Beckman Coulter Inc. The first complete human diploid
genome (Craig Venter) was sequenced by Sanger’s method in 2007 [17]. Although
sequencing tasks in large comprehensive research projects have now shifted to
NGS platforms, Sanger sequencing-CE platform will likely remain in significant
use for targeted sequencing projects (biomarker identification and pathway
analysis) and clinical diagnostic applications until small-scale NGS platforms become
cheap and fast enough; this is an rapidly evolving area of industrial development
(see below).

4.2 Second Generation Sequencing

Second generation sequencing is represented by Roche 454 pyrosequencing, revers-
ible terminator sequencing by Illumina, sequencing by ligation of ABI/SoLiD, and
single-molecule sequencing by Helicos. Using DNA polymerase or DNA ligase as
their core chemistry, these platforms provide significant performance in large
comprehensive whole genome sequencing projects [18]. Roche454 uses emulsion
PCR to achieve clonal amplification of target sequence. The sequencing machine
contains many picoliter-volume wells each containing a single bead and sequencing
enzymes. Pyrosequencing uses luciferase to generate light for detection of the
individual nucleotide incorporated into the nascent DNA [19-21]. Illumina
(Solexa) uses cluster target sequence amplification on solid surface (bridge ampli-
fication). Sequencing is performed by adding four types of nucleotides, each
labeled by one of four fluorophores and containing a 3’ reversible terminator. In
contrast to pyrosequencing, DNA can only be extended one nucleotide at a time in
the Illumina approach. After a fluorescent image of the incorporated nucleotide is
recorded, the fluorophore along with the 3’ reversible terminator is chemically
removed from the DNA molecule, allowing the next cycle to occur [12, 22].

Applied Biosystem/Life Technologies’ SOLiD technology employs ligation
reaction for sequencing using a repertoire of all possible oligonucleotides of a
fixed length that are labeled according to the sequence position. Oligonucleotides
are ligated after annealing. The preferential ligation by DNA ligase for matching
sequences records the nucleotide position. DNA is clonally amplified by emulsion
PCR on beads, leading to each bead containing only copies of the same DNA
molecule. The beads are deposited on a glass slide [23] and sequenced. The
sequences in terms of quantities and lengths are comparable to Illumina sequencing
[20, 24].

HeliScope sequencer employs “true single molecule sequencing” technology
[25, 26]. DNA fragments along with added polyA tail adapters are attached to the
flow cell surface, followed by extension-based sequencing with cyclic washes of
the flow cell with fluorescently labeled nucleotides similar to Sanger sequencing.
Although the reads are short, recent improvement of the methodology provides
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enhanced accuracy of reading through homopolymers (stretches of one type of
nucleotides) and also allows for RNA sequencing [18, 26, 27].

The second generation sequencing platforms vary significantly with regard to
their throughput, read-length, and operating cost [12]. They are generally high
throughput but highly expensive machines of scales of 0.5-1.0 million US dollars.
The signal recording method is either fluorescence labeling or pyrophosphate
chemical conversion, both requiring optical detection. The second generation
sequencing platforms, although being successful in many research applications,
suffer variably from high cost of instrument, complexities of sample preparation
and chemistry (fluorescent labeling and enzyme-substrate reaction), complexities
of optics and instrumentation, and read-length limitations [13].

4.3 Third Generation Sequencing

Sequencing technology evolves with the high demand for a low cost of technology.
In line with the ultimate target goal of $1,000 per genome aimed at by the NIH/
NHGRI invited grant challenge in 2004 for developing novel technologies, the third
generation sequencing platforms are characterized by new chemistry, less operation
time, desktop design, and lower operation cost. At the time of writing, three leading
third-generation sequencers have emerged, which include Pacific Biosciences’ real-
time single molecule sequencing (PacBioRS), Compete Genomics’ combined pro-
anchor hybridization and ligation (cPAL), and Ion Torrent of Life Technologies, Inc.

PacBioRS is a real-time single molecule-single polymerase sequencing platform
that can produce 1,000 bp read. Each chip has so-called zero-mode wave guided
(ZMW) nanostructures of 100-nm holes, inside which DNA polymerase performs
sequencing by synthesis with phospholinked nucleotides labeled with fluorophores
which are introduced sequentially (Fig. 2) [28-32]. In addition to producing DNA
sequence, monitoring the kinetics of nucleotide incorporation may help in the
future to extract epigenetic information (e.g., methylation pattern) of the native
DNA strands [33]. The platform has the ability to sequence mRNA by replacing
DNA polymerase with ribosome [34]. The instrument of such configuration will,
however, be expensive.

Fig. 2 PacBioRS real-time single molecular-single polymerase sequencing single stranded DNA
template is sequenced by synthesis in nanostructure hole. (Copyright permission obtained from
PacBioRS) [32]
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Fig.3 Complete Genomics’ Nanoball formation after rolling cycle amplification. These DNB are
sequenced by ligation (©2010 Complete Genomics, Inc. Used with permission)

Complete Genomics announced a combinatorial approach of probe-anchor
hybridization and ligation (cPAL) sequencing with the claimed highest throughput
among third generation sequencers [35] (Fig. 3). The method uses rolling circle
amplification of small DNA sequences into so-called nanoballs. Unchained
sequencing by ligation is then used to determine the nucleotide sequence [35].
This method permits large numbers of DNA nanoballs to be sequenced per run and
at low consumable costs [36]. The platform has been successfully used in clinical
genome sequencing applications such as whole genome sequencing of individuals
[37, 38]. However, mapping the short sequencing reads to a reference genomic
database can be difficult, especially in the analysis of tumor DNA.

Ion Torrent technology (Life Technologies, Inc), perhaps the current most
versatile and low cost method, has been delivered in the form of a personal genomic
machine (PGM) as a benchtop instrument to research and clinical laboratories [39].
The sequencing chemistry of Ion Torrent technology involves proton release during
each nucleotide incorporation by DNA polymerase. The dense microarray of
individual microwell allows DNA polymerase to act on clonally amplified target
DNA fragments. Beneath each microwell the Ion-Sensitive Field Effect Transistor
(ISFET) detects the pH change as a result of each proton release and a potential
change (AV) is recorded as direct measurement of nucleotide incorporation events
(Fig. 4). The system does not require nucleotide labeling and no optical detection is
involved. Ton-Torrent’s PGM costs less than 100 K with sequencing capability
adequate for small-scaled research projects or clinical diagnostic laboratories. Its
introduction into the market hails the beginning of NGS as a commodity for
biomedical and clinical applications. As a common feature to many other systems,
it has multiplex bar-coding adaptors which allow simultaneous testing of multiple
samples. The available chip sizes (314-318) capture 10-1,000 MB of sequence
information per run. Although the current Ion Torrent operation is labor intensive,
automation with one-step library preparation (one-touch sequencing library prepa-
ration kit) has recently become available to simplify the process. The limitations
include short read-length (100-200 bp) and technical difficulties in reading through
highly repetitive sequences and homopolymers, for which improvement has
recently been made.
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Fig. 4 Ion Torrent Technology. (a) Proton release when nucleotide is incorporated by the DNA
polymerase into the DNA chain. (b) The Ion Torrent proprietary microchip design. (¢) Cross-
section view of a single well that houses ion sphere particles with a clonal amplified DNA
template. A hydrogen ion (proton) is released when a nucleotide is incorporated by DNA
polymerase. The proton is then detected by the sensing layer due to the change of pH, therefore
translating the chemical signal to a digital input. (Copyright permission obtained from Life
Technologies, Inc. 2011)

4.4 Emerging Next Generation Sequencing Technology

Oxford’s nanopore technology has a different sequencing approach currently in the
developmental phase. It uses the scanning tunneling electron microscope (TEM) that
measures alterations of conductivity across a nanopore while a single DNA
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molecular is passing through. The amount of current that can pass through the
nanopore at any given moment varies depending on the shape, size, and length of
the nucleotide blocking the ion flow through the pore. The change in current through
the nanopore as the DNA molecule passes through represents a direct reading of the
DNA sequence. An exonuclease enzyme is used to cleave individual nucleotide
molecules from the DNA, and when coupled to an appropriate detection system
these nucleotides could be identified in the correct order [40]. Oxford’s nanopore
technology may also be suitable for integration into a system for analyzing epige-
netic modifications. The a-hemolysin nanopore is a promising sensor for ultra-rapid
sequencing of DNA strands within nanopores, which may provide additional
sequence information using two recognition sites rather than one [41]. Furthermore,
nanopore technology is free from some of the drawbacks of other platforms through
elimination of the need for optical detection and DNA synthesis and even target
DNA amplifications [40, 42-44].

5 Common Problems with NGS Data

There are some common technical problems associated with various NGS platforms.
Short reads in many NGS systems result in difficulties with assembling and mapping
to the reference sequences, particularly at repetitive regions. Not all sequences are
equally processed and sequenced, and DNA regions enriched with GC content
are particularly prone to low coverage. For NGS platforms with target amplification
or enrichment, amplification bias may be introduced. Last but not least, sequencing
errors are present essentially in all NGS platforms. Longer reads are prone to
have error readings, particularly towards the ends. Repetitive sequences and
homopolymers are also of concern for some third generation sequencers; however,
rapid improvement has been made in recent months to overcome these problems.
Increase of coverage and deep sequencing are important to correct some of these
problems. Table 1 provides a summary of key characteristics of the current NGS
platforms.

6 Applications

Genomic medicine driven by the latest development of NGS technologies will have
profound impacts on our understanding of the pathogenesis of human disease and
many aspects of clinical practice in the future: diagnostics, prognostics, and thera-
peutics. These clinical applications can be roughly divided according to defined
target sequences: whole genome sequencing, targeted sequencing of exomes
(selected or whole) or selected genes related to a specific disorder or category of
disease, epigenetic mapping, transcriptome sequencing, and microbial population
sequencing.
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6.1 Whole-Genome Sequencing

Whole genome sequencing can be used to identify germline or somatic mutations,
single nucleotide polymorphism (SNPs), indels (insertion and deletion), and copy
number variations. In the past 5 years and using NGS, genome-wide association
studies have begun to provide unprecedented information of the connection
between genetics and disease [45]. For example, such an approach has recently
helped to identify new genomic loci for susceptibility to Crohn’s disease [46],
a chronic debilitating intestinal disease of which the pathogenesis was poorly
understood. Not only has the identification of these novel loci improved our
understanding of the pathophysiology of the disease but it has also had implications
for patient treatment [47]. Genome-wide association studies have also produced
data of non-coding sequences implicated in the pathogenesis of complex human
disorders [45]. Whole-genome sequencing now permits the compilation of sophis-
ticated databases of full spectrum of germline variants conferring risks for inherited
diseases [48] and numerous somatic mutations underlying all aspects of human
cancers [47]. The recent $48 million grant from the National Institutes of Health
opens the door to the use of NGS to analyze the genomes of thousands of patients
who suffer from more than 6,000 rare genetic disorders, many of which follow
Mendelian inheritance patterns with mutations involving a single gene (http://www.
nih.gov/news/health/dec2011/nhgri-06.htm). It is important to note that as human
genomic research has been progressing into the whole-genome sequencing era
using NGS, it is imperative to identify and document the genetic variation across
human populations to ensure diverse ancestry to be included in our genomic studies
so that healthcare disparities introduced by genetics community can be curtailed [49].
Beyond human studies, NGS has been used to study genetic diversities and popula-
tion structures of endangered animal species [50] and has been found to have
significant applications in plant as well [51].

6.2 Targeted Sequencing

NGS has already enabled many forms of clinical diagnostic testing by targeting
selected genes or gene exons to accommodate specific clinical needs. Many human
disorders are caused by dysfunctions in one of several causative genes. Mutations of
genes involved in the same metabolic or signaling pathways may lead to similar
disease phenotypes. On the other hand, different mutations involving the same gene
may carry subtle to drastically different clinical manifestation of the disease and
many diseases may have overlapping mutation profiles. For example, hereditary
erythrocyte disorders may involve any of the 27 genes related to the red cell
membrane structure, red cell enzyme deficiency, and hemoglobin metabolism [52].
Phenotypic overlap among many involved genes requires precise diagnosis of these
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disorders by identifying the corresponding gene mutation(s). Indeed, many medical
centers have begun to offer clinical mutation analysis using NGS; examples include
extensive panels for detection of mutations in one of the 10-30 genes for the
diagnosis of cardiomyopathy [53], X-linked congenital diseases [54—58], compre-
hensive mutation detection in 24 genes known to cause congenital disorders of
glycosylation [59], and various other autosomal disorders [60-62].

Whole exome capture and sequencing by NGS have been successfully applied to
identify mutations using various tissue sources [63, 64]. Given the magnitude of
carrier burden in human population and increasingly available low-cost NGS
platforms, targeted carrier screening is also possible in clinical practice to reduce
the incidence and suffering in severe recessive childhood disorders [65]. Targeted
gene mutation panel analysis for oncology is becoming increasingly important and
cost-effective for cancer diagnosis, prognosis, and precision therapy. Currently
dozens of major medical centers in the United States are validating such cancer
sequencing panels by NGS.

6.3 Epigenetic Applications

Epigenetic applications of NGS may include platforms such as CHIP-seq-Protein-
DNA binding and histone modification [66]. Such technology has been used to map
the methylome of the diploid human genome recently [67]. Epigenetic applications
of NGS are beginning to provide fundamental insights into human biology and
diseases, for example the discovery of widespread allele-specific epigenetic varia-
tion in the human genome will likely contribute to our understanding of some
common diseases with complex genetic background [68, 69].

6.4 Transcriptome Analysis

Through combination of hybridization capture of cDNAs and next-generation
sequencing, targeted RNA-Sequencing (RNA-Seq) provides an efficient and cost-
effective method to analyze specific subsets of transcriptome simultaneously for
mutation, structural alteration, and expression [70]. NGS technologies with appro-
priate assembly algorithms have facilitated the reconstruction of the entire
transcriptome in the absence of a reference genome [71]. Targeted RNA-Seq is
also a powerful tool suitable for a wide range of large-scale tumor-profiling studies
to identify sequence variations and novel fusion gene products [72].
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6.5 Microbial Population Analysis

NGS is ideal for whole viral, bacterial, and yeast genome sequencing owing to its
high throughput, depth of sequencing, and appropriate size of most microbial
genomes [39]. Currently large amounts of NGS data have become available that
will greatly enhance our understanding of host pathogen interactions with the
discovery of new transcripts, splice variants, mutations, regulatory elements, and
epigenetic controls [73]. For example, NGS was successfully applied to characterize
the genome of the German Enterohemorrhagic Escherichial coli O104:H4 outbreak
very recently using the Ion Torrent platform [74]. The ability to perform whole-
genome comparisons further allows one to link phenotypic dissimilarities among
closely related organisms and their underlying genetic mechanisms, and therefore
gain a better understanding of pathogen evolution [75]. Current applications of high-
throughput whole viral genome sequencing include detection of viral genome
variability and evolution within the host (e.g., human immunodeficiency virus and
human hepatitis C virus) and monitoring of low-abundance antiviral drug-resistance
mutations. NGS techniques lead to a new field of study called “metagenomics.” It is
now possible to detect unexpected disease-associated viruses and emerging new
human viruses, including cancer-related ones [76]. Other applications include HPV
typing because of its high detection sensitivity and its broad spectrum coverage of
HPV types, subtypes, and variants [77].

7 Limitations of NGS in Clinical Practice

Several technical limitations of NGS in genomic studies or genomic medicine have
already been briefed in the aforementioned sections. To emphasize the clinical
aspects of NGS application in medicine the following are important confounding
factors that are likely the subjects of many future discussions: (1) quality control/
quality assurance programs are likely difficult to be standardized from the initial
technical operation to clinical validation; (2) data management and storage
(analyzing, managing and instrumentation for storage) require electronic devices
of extremely high capacity; (3) daunting challenges in the analysis of sequence data
for clinical interpretation (such as previously unknown genetic variants) are major
issues to be tackled; (4) reporting complex results may be extremely difficult with
regard to clinical implication in disease diagnosis, prognosis and guiding precision
therapy; (5) incidental findings with significant biomedical implications may pose
ethical responsibilities for pathologists (duty to report); (6) patent infringement may
affect laboratories using NGS and reporting genes or DNA sequences under patent
protection; and (7) finally how NGS can be adequately reimbursed requires aca-
demic institutions, commercial laboratories and regulatory agencies to develop
consensus utilities, and fee codes (e.g., CPT codes) in collaboration with and
being acceptable by clinicians, service providers and insurance industry.
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8 Summary

Defying the Moore’s law in computer industry, NGS has been far outperforming its
prediction of doubling technical improvement and affordability every 2 years. The
exponential improvement of speed and the concomitant astronomical drop in costs
are quickly driving NGS from the research arena to the patient bedside. NGS will
affect essentially all aspects of clinical care issues enabling many diagnostic tests
that have never been considered possible before. In the next 10 years we will likely
see the arrival of NGS platforms that are versatile, accurate, affordable, and
portable for clinical use. However, a significant hurdle for clinical application of
NGS is bioinformatics analysis of the sequencing data. Sequence variant annotation
requires data mining into various databases (e.g., locus specific database, HGMD/
Biobase, OMIM, SeattleSeq, and 1000 Genome program) and functional prediction
programs such as PolyPhen and SIFT are essential for biological and clinical
interpretation of new or uncommon sequence variants. Clinical validation of
sequence variants in relation to disease or phenotype is more difficult and requires
prospective studies of large cohorts of patients. While we transition from single
gene analysis in the recent past, to multi-gene panel analysis, to whole exome
sequencing, and soon to the whole genome approach, the complexity of the
technology and bioinformatics increase dramatically and their clinical applications
have been proven far more complicated than previously thought. Navigation from
DNA base pairs of the human genome to the bedside of patients will continue to
rely on new technologies such as NGS, genomic bioinformatics sciences, large
scale collaborative efforts, and a multidisciplinary team approach involving aca-
demic institutions, hospitals, government agencies and industries [6].
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Molecular Diagnosis of Inherited Diseases
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Abstract Recent development of high throughput, massively parallel sequencing
(MPS or next generation sequencing, NGS) technology has revolutionized the
molecular diagnosis of human genetic disease. The ability to generate enormous
amount of sequence data in a short time at an affordable cost makes this approach
ideal for a wide range of applications from sequencing a group of candidate genes,
all coding regions (known as exome sequencing) to the entire human genome.
The technology brings about an unprecedented application to the identification of
the molecular basis of hard-to-diagnose genetic disorders. This chapter reviews the
up-to-date published application of next generation sequencing in clinical molecu-
lar diagnostic laboratories. We also emphasize the various target gene enrichment
methods and their advantages and shortcomings. Obstacles to compliance
with regulatory authorities like CLIA/CAP in clinical settings are also briefly
discussed.
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1 Introduction

Over the past 20-30 years, DNA sequencing by the Sanger method has been regarded as
the gold standard for the identification of aberrant DNA sequence changes (mutations, in
genetic terms) to support a genetic disease diagnosis [1]. For single gene disorders with
clear clinical/biochemical indication and/or known mutation hot spots, Sanger sequenc-
ing of the target region is an accurate and cost effective way to obtain a definitive
molecular diagnosis. However, the selection of candidate gene(s) for sequence analysis
is extremely difficult, as most inherited disorders exhibit genetic and clinical heteroge-
neity. Thus, it often takes a long time to obtain the right molecular diagnosis by stepwise
sequencing the probable causative genes with consequent high cost and anxiety for the
patient’s family. An example of an extreme situation is the diagnosis of mitochondrial
disorders, for which there are significant clinical overlaps and over 1,300 genes are
responsible [2-5]. In recent years, owing to the fast development of a variety of
sequencing technologies in the post human genome project era, large scale sequencing
such as (1) a group of target genes, (2) all of protein coding regions of the human
genome, and (3) even the whole human genome have become a reality [6—12]. Next
Generation Sequencing (NGS) or Massively Parallel Sequencing (MPS) offers a way to
detect mutations in many different genes in a cost and time efficient manner through
their ability to generate deep coverage of the target sequences [13—19].

Various sequencing platforms using different sequencing chemistry have been
developed [20]. The three major currently commercially available platforms that
produce gigabases of output are Illumina’s sequencing by DNA synthesis, Roche’s
454 by pyro-sequencing, and ABI SOLiD by oligonucleotide ligation [21-24].
There are also platforms for smaller scale sequencers, such as Ion Torrent, which
is based on semiconductors to detect protons generated by polymerase reactions
[25], single molecule sequencing by Helicos Helioscope [26], and Pacific
Bioscience’s single molecular real time (SMRT) instrument [27, 28].

Regardless of the chemistry and platforms, these methods share one common
principle, which is to sequence numerous spatially separated genomic regions in a
massively parallel manner [13, 20, 29]. The detailed chemistry, sequencing
principles, their hardware, and their advantages and pitfalls are beyond the scope
of this chapter but are discussed in chapter 1 of this book.
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The MPS approaches have been successfully applied to many different research
studies to identify new disease genes [30], mutations in non-coding regions
[31-34], and epigenetic changes in the whole genome [35, 36]. Similar approaches
have been applied to molecular diagnosis of inherited disorders, particularly com-
plex diseases with heterogeneous clinical phenotype and multiple underlying
genetic causes [37-40]. However, it is still not economically feasible and is
technically demanding to sequence the 3 x 10° base pairs of the whole human
genome. Therefore, in the context of clinical applications, it is often desirable to
capture or enrich a group of genes known to be responsible for a certain type of
clinical phenotypes, followed by MPS. Good examples are genes causing cardio-
myopathy or mitochondrial respiratory chain disorders [38, 40]. Therefore,
depending on the amount of sequence to be analyzed, the purpose of the analysis,
and the available sequencing platforms, the method of target gene enrichment may
vary greatly. In addition, in order to use newly developed MPS tests for clinical
diagnosis, stringent validation and quality control procedures need to be instituted
in compliance with regulating authorities, such as CAP or CLIA to assure quality of
service [41-43]. It is likely that all laboratory-developed tests (LDTs) will be
subjected to regulation in the near future in many developed countries [44].

In this chapter we will review the reported clinical applications of MPS to the
molecular diagnosis of inherited disorders, various gene enrichment methods,
potential pitfalls, necessary quality control procedures, and remaining obstacles
for comprehensive genomic analysis using MPS.

2 Current Clinical Application of MPS

A review of the recent publications on the introduction of MPS technology into clinical
practice has revealed the broad utility of this novel technology in the molecular
diagnosis of a variety of human genetic disorders (Table 1). The clinical applications
vary from single gene disorders such as neurofibromatosis Type 1 (NF1), Marfan
syndrome (MFES), and spastic paraplegia [45—47] to diseases caused by a group of
related genes such as hypertrophic cardiomyopathy and congenital disorders of glyco-
sylation (CDG) [38, 39, 48]. MPS has also been applied to multi-gene disorders
including X-linked intellectual disability (XLID) and retinitis pigmentosa [37, 49] as
well as defined disorders without identified genetic causes [9, 52, 53]. Various gene
enrichment methods were employed (Table 2) depending on the purpose of application.

2.1 Target Gene(s) Sequencing in the Clinical Setting

MPS has been applied to assist with molecular diagnosis of well-defined disorders
caused by a group of genes. In order to sequence specifically the regions of interest,
these target genes need to be enriched tens of thousands of times or more to avoid
the interference of the remaining bulk of the genome. Depending on the amount of
target sequences, the enrichment method may vary.
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Table 2 Comparison of different gene enrichment methods
Method Target size Throughput Automation Advantage Disadvantage

adaptability

PCR-based enrichment (commercial platform)

Regular PCR/ Small Low
multiplex

Array PCR Small to Low
(Fluidigm) medium

Microdroplet Medium Low
PCR
(RainDance)

Capture-based enrichment

Oligonucleotide ~ Medium to Low
array-based high
capture

Oligonucleotide =~ Medium to High
Solution-based high
capture

Yes

No

Simple, straight
forward
Flexible in
optimizing
conditions
Cost-efficient
reactions
Easy to perform
Uniform PCR
condition

Up to 20,000
amplicons

Relatively equal
amplification
efficiency

Target size is
expandable

Low cost per
gene

Target size is
expandable

Low cost per
gene

Easy for
automation

Cost-inefficient
Limited target
size

High cost in
synthesizing
primers

Varied
amplification
efficiency

Fixed format

High cost in
synthesizing
primers

Varied
amplification
efficiency

Need special
equipment

Less flexibility

Need one extra
step to elute
the captured
DNA

Need special
equipment

Missing GC rich
regions

Cost-inefficient
for small
target region

Missing GC rich
regions

2.1.1 Examples of Single Gene Disorders and the Target

Enrichment Approach

Neurofibromatosis Type 1 (NF1)

Neurofibromatosis type 1 is an autosomal dominant disorder caused by mutations in
the NFI (17q11.2) gene. It is one of the most commonly inherited genetic disorders
with an estimated prevalence of 1 in 3,000 individuals [56]. Molecular defects in the
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NFI gene include a variety of mutation types from point mutations and small indels to
large complex rearrangements [57]. In addition, the presence of pseudogene
complicates the sequencing analysis of the target gene. A new molecular analysis
was carried out with a microarray based target gene capture and enrichment method,
followed by MPS [45]. In this report, DNA samples from two patients with a definitive
diagnosis of neurofibromatosis type 1 and known NFI mutations were analyzed. The
282 kb NF 1 gene region was fragmented and captured on an array containing specific
oligonucleotide probes followed by sequencing using Roche (454) Genome
Sequencer FLX system. About 59% of mapped reads were localized to the targeted
NF1 loci on chromosome 17 in both cases with a depth of coverage >30X. After
filtering out the false positive calls introduced by low sequencing coverage, and
manual removal of pseudogene, an Alu sequence insertion and a frame-shift single
base deletion were identified in each of the two patients respectively. However, only 3
out of 17 and 3 out of 9 identified variants in each of these two samples respectively
were confirmed by Sanger sequencing [45]. It indicated that sequence variants
identified by MPS might have a high percentage of false positives.

Marfan Syndrome

MPS has also been applied to the molecular diagnosis of MFS [46]. MFS is a
common (1 in 5,000) autosomal dominant connective tissue disorder, characterized
by tall stature with long limbs, dislocated lens, and severe cardiovascular manifes-
tation including aorta aneurysms [58, 59]. The majority of mutations causing MFS
are missense, nonsense, and small insertion/deletions in the FBNI gene encoding
the fibrillin-1 protein. Due to the large number of exons, sequencing by PCR/Sanger
is very time consuming and costly. Baetens et al. developed a multiplexed PCR
based-MPS approach to sequence simultaneously all exons in 87 samples [46]. In
addition to FBNI, transforming growth factor beta receptor genes TGFBRI and
TGFBR? are also included. A total of 117 amplicons were amplified in 17 multiplex
PCR sets, each containing 4-11 amplicons and sequencing was performed on the
Roche (454) Genome Sequencer FLX system. Five samples from known patients
diagnosed with MFS or LDS (Loeys—Dietz Syndrome) were selected for a pilot
study, which confirmed 23 out of the total 25 calls made by Sanger sequencing,
leaving 2 variants unidentified due to low coverage. Additionally, 20 false positive
variants were called, all residing in homopolymeric regions. Consequently, to rule
out false positives, 13 homopolymer regions were sequenced by the Sanger method
separately. Subsequent analysis of 87 patients with typical MFS identified 75 FBN1
mutations by MPS, equivalent to an 86% (75/87) detection rate.

Hereditary Spastic Paralegias

Hereditary spastic paralegias (HSPs) are a group of inherited neurodegenerative
disorders characterized by weakness and spasticity in the lower limbs. They are
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genetically heterogeneous and at least 46 genetic loci have been identified so far,
showing autosomal dominant, autosomal recessive, or X-linked form of inheritance
[60]. In the study carried out by Schlipf and coworkers, 2 genes, CYP7BI (SPGS5)
and SPG7, that are involved in the autosomal recessive form of HSP, were
evaluated in 187 patients using MPS [47]. Target gene regions were enriched by
an array based microfluidic chip amplification method (Fluidigm) followed by next-
generation pyro-sequencing using the Roche (454) Genome Sequencer FLX sys-
tem. Results from two independent runs showed that 80% of the exons were
covered at more than 20X. The remaining poorly covered regions were analyzed
by Sanger sequencing separately. Mutations were identified in a total of ten
patients: three with SPG5 mutations and seven with SPG7 mutations.

2.1.2 Panels of Target Genes for a Disease that Could Be Caused by
Mutations in One of Many Potentially Responsible Genes

Dilated Cardiomyopathy

Dilated cardiomyopathy (DCM) is a group of genetically heterogeneous disorders
with more than 30 genes identified so far. For three decades, Sanger sequencing of
the genes one-by-one has been used, but this is expensive, and time consuming.
Resequencing arrays has been considered as an alternative method, but it is well
known that they cannot reliably detect insertions and deletions or mutations in high
GC rich regions. Additionally, if there were a need for revision in the original
design, the cost of making a small change is not economical for most laboratories.
Thus, it is impractical to expand quickly the array content as new genes are
discovered [61, 62]. These obstacles are likely to be solved by the newly developed
MPS technologies that allow simultaneous sequencing of a large number of genes.
Gowrisankar and coworkers applied this method to analyze a subset of 19 genes
(ABCCY, ACTC, ACTN2, CSRP3, CTF1, DES, EMD, LDB3, LMNA, MYBPC3,
MYH7,PLN,SGCD,TAZ, TCAP, TNNI3, TNNT2,TPM]1, and VCL) known to cause
DCM. The target coding exons were amplified by the PCR method and their
products were pooled for library construction [38]. Five samples with known
mutations were validated by this method on the Illumina Genome Analyzer II
(GAID), a first generation MPS platform. Results were compared to those of Sanger
sequencing and an array-based resequencing chip [38].

An estimated false positive rate of 10.8% and false negative rate of 3.4% were
observed. Exons with poor coverage were clearly noticeable, which was the pri-
mary reason for missing calls (false negative). The importance of confirmation by a
second method to remove the false positive variant calls was emphasized. About
9.3% (23 out of 246) of poorly covered amplicons required Sanger sequencing to
minimize the percentage of missed calls. The authors concluded that even though
the quality of MPS based testing for the set of 19 genes related to DCM is better
compared to the array based re-sequencing method, but the cost associated with test
setup and the turnaround time need to be improved before implementing as a
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routine clinical testing [38]. At the time of writing this review, clinical MPS DCM
testing has been already available from a few clinical laboratories.

Congenital Disorders of Glycosylation

The congenital disorders of glycosylation (CDG) are a group of diseases caused by
molecular defects in more than 30 genes involved in the N-linked glycosylation
pathway [63]. New underlying genetic causes for CDG are continuously being
discovered [64, 65]. The prevalence of CDG is estimated to be 1 in 20,000. The
disease is usually devastating [63, 66]. Approximately 40% of CDG patients do not
have a definitive molecular diagnosis, which is required for the prenatal diagnosis
for the affected families. A newly developed MPS-based method was designed to
analyze a panel of 24 genes (ALG2, ALG3, ALG6, ALGS, ALGY, ALGI2,
ATP6VOA2, B4GALTI, COGI, COG7, COGS8, DOLK, DPAGTI, DPMI, GNE,
MGAT2, MOGS, MPDUI, MPI, PMM?2, RFTI, SLC35A1, SLC35C1, and TUSC3)
known to cause CDGs [48].

A total of 215 coding exons were enriched by two different PCR methods: the
microdroplet-based PCR (RainDance, RD) with custom designed primers and
multiplex PCR by the microfluidic chip (Fluidigm, FD) with in-house designed
primers. PCR products were pooled and subjected to ABI SOLiD library prepara-
tion and sequencing by ligation [24].

Twelve samples from patients with a known diagnosis of CDG were sequenced
for validation using the methods described above. The results showed that about
26-32% of the total variant calls appear to depend on the target enrichment
methods. A total of 455 and 616 variants were called by RD and FD methods,
respectively. After filtering the data to eliminate the low coverage and low quality
calls, 85% and 94% of the unique variants called by the RD and FD, respectively,
were likely false positives. In contrast, only 27% of the variants called by both
methods were likely not real. About 28 exons (ca. >10% library failure rate) had
low or no coverage, which required Sanger sequencing to fill these gaps. The false-
negative rate could not be determined due to the lack of DNA [48].

This 24 CDG gene analysis demonstrated the cost-effectiveness of highly
multiplexed analysis vs the conventional step-wise single gene approach. The
authors also emphasized the importance of verification of all clinically significant
variants by Sanger sequencing [48].

Retinitis Pigmentosa

Similar to DCM and CDG, retinitis pigmentosa (RP) is also a group of genetically
diverse diseases caused by mutations in any one of more than 40 known genes.
Diagnosis of RP is complicated by the lack of clear clinical indication for a specific
genetic defect. This disease can be inherited as autosomal dominant, autosomal
recessive, or X-linked. About 50% of all patients with RP are sporadic simplex
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cases and it is clinically difficult to pinpoint the causal genes for molecular
diagnosis [67]. The recent development of MPS overcomes these obstacles.

Oligonucleotide DNA probes for a total of 681 coding exons encompassing
359 kb regions of a panel of 45 RP genes were printed onto a custom-designed
solid-phase capture array [49]. Target sequences of DNA samples from five patients
with RP were enriched by array capture followed by MPS using Genome Analyzer
II with 40 bp single end reads [49].

This study identified one patient with compound heterozygous missense mutations
in the CRB1 gene, a second patient with a known homozygous missense mutation in
the PDEG6B gene, and a third patient with a homozygous novel missense variant in
the CNGBI gene that is predicted to be deleterious. Although predicted deleterious
variants were found in the remaining two patients, due to non-segregation of these
variants with the disease the molecular diagnosis could not be confirmed.

In this study, if one sample was analyzed in one lane of the flow cell, the mean
coverage was 486X with 99% regions covered at >20X, compared to the mean
coverage of 98X and 88% regions with >20X coverage by pooling four samples. A
total of 582 variants were detected, 150 of them novel. Only the possibly patho-
genic variants were verified by Sanger sequencing. The data were not sufficient to
establish false positive and false negative rates. The authors emphasized the
importance of achieving the requirement of >15X coverage in at least 90% of
target regions as a clinical standard and also suggested outsourcing as an alternative
to lower the cost [49].

X-Linked Intellectual Disability

As much as 2-3% of the general population meets clinical criteria of intellectual
disability. XLID is very heterogeneous. More than 100 XLID genes have been
identified, which account for only a portion of families with unambiguous XLID
[68]. Using MPS, analysis of a panel of 86 XLID genes has been offered as a
clinical molecular test in order to improve the detection rate.

The target regions of the 86 XLID genes of 24 unrelated patients, each from a large
XLID family, were enriched by microdroplet-based multiplex PCR (RainDance) with
custom designed primer sets for 1,912 amplicons; MPS was performed on Illumina
GAII [37].

This amplicon-based approach revealed that 88.5% of targeted regions were
covered with a median coverage of 249X. Between 87.9% and 99.5% of targeted
regions were covered by sequence reads with a base quality score >30 at a minimal
coverage of 2X [37]. It was reported that 131 out of 1,912 amplicons cannot be
unambiguously mapped, and 34 amplicons failed to amplify, corresponding to an
8.6% failure rate.

The most noticeable is the large variations (from 12.2% to 57.4%) in the
percentage of reads mapped to the targeted regions. The authors attributed the
variation to different amplification efficiencies in different samples. In addition to
three known positive controls in the 24 samples, deleterious mutations were
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identified in 7 additional patients, with a detection rate of 33% (7/21). Nevertheless,
the authors considered this method to be robust and usable as a screening test for
XLID [37].

2.1.3 Sequencing the Mitochondrial Genome and Autosomal Genes
Coding for Mitochondrial Proteins

In addition to 23 pairs of nuclear chromosomes, each human cell contains hundreds
to thousands of copies of the mitochondrial genome. The human mitochondrial
genome is a 16.6-kb circular double stranded DNA encoding 37 genes: 22 tRNA,
2 rRNA, and 13 mRNAs for 13 respiratory chain complex protein subunits.
Mutations in mitochondrial DNA (mtDNA) cause a broad clinical spectrum of
respiratory chain disorders with the tissues of high energy demand such as brain and
muscle preferentially affected [69]. Disease severity depends on the degree of
mutation heteroplasmy in the affected tissues [69]. Therefore, diagnosis of
mtDNA disorders must not only identify the disease causing mutations but also
quantify the mutation heteroplasmy. Since accurate quantification of mutation
heteroplasmy is important in disease prognosis and outcome, MPS needs to provide
sufficiently deep coverage for the measurement of heteroplasmy at every single
nucleotide position.

A pilot study using MPS technology has been conducted to investigate the
possibility and feasibility of mtDNA sequencing using the MPS approach [50,
70]. The entire 16.6-kb mtDNA genome was amplified with two overlapping
fragments followed by sequencing with the Illumina Genome Analyzer GAIL
The authors demonstrated the ability of MPS to detect reliably mtDNA
heteroplasmy down to 5% level and with high sensitivity but poor specificity for
variant detection. This method had the advantages of cost effectiveness and fast
turnaround time, but cannot detect large mtDNA deletions or mtDNA copy number
variation and may include incorrect mtDNA heteroplasmy at certain nucleotide
positions. Cui et al. have recently developed a one-step comprehensive analysis of
mtDNA by MPS that provides accurate detection of point mutations at every single
nucleotide position of the entire mitochondrial genome and determination of large
deletions with deletion heteroplasmy and exact breakpoints [71].

Mitochondrial Disorders: Diseases of the Two Genomes

Mitochondrial disorders are a group of complex diseases that can be caused by
mutations in both nuclear and mitochondrial genomes. More than 99% of the
proteins involved in mitochondrial biogenesis and functions are encoded by an
estimated 1,300 nuclear genes. These features of heterogeneous but overlapping
clinical presentations and thousands of possible underlying genetic loci make the
diagnosis of mitochondrial disorders the most difficult among all inherited
disorders [69, 72—75]. The ability of MPS technology to sequence thousands of
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different genes with deep coverage is an attractive solution to the diagnosis of
complex mitochondrial disorders.

A proof-of-concept study was carried out by using a microarray based capture
method to enrich the mtDNA genome and 362 nuclear genes related to mitochon-
drial disorders, followed by sequence analysis on an Illumina Genome Analyzer
GAII [40]. Their results showed that more than 94% of the targeted regions were
sequenced at a coverage of about 45X for the nuclear genes. Two known mutations
in the positive controls were identified correctly. The coverage depth is approxi-
mately 4,000X for mtDNA [40].

In this study about 5% of the target regions were not covered, and about 6-10%
of the variants identified were novel, which required Sanger confirmation. The
authors commented that the sample preparation step was tedious, but the entire
procedure, after careful validation and improvement, was likely to be readily
adapted for clinical application.

2.1.4 Carrier Testing in Family Members

Of the approximately 7,000 Mendelian genetic disorders, 16% are classified as
autosomal recessive disorders. Most autosomal recessive disorders manifest in
early childhood with severe disease course and a poor outcome [76, 77]. Precon-
ception screening, coupled with genetic counseling of carriers has helped
tremendously in the reduction of the incidence of severe recessive diseases. Thus,
an affordable comprehensive preconception screening would be desirable for
general population if the assay includes actionable, highly penetrant, and severe
recessive mutations. The recently developed target gene capture and MPS approach
has made this type of screening assay possible. Bell et al. reported their work on a
preconception carrier screening test for 448 severe recessive childhood diseases
[51]. A total of 7,717 regions from 437 target genes were enriched by either
SureSelect RNA-based in solution capture (Agilent) or microdroplet-based multi-
plex PCR (RainDance), followed by sequence analysis with Illumina Genome
Analyzer GAII or ABI SOLIiD.

The average coverage depth was 160X and 93% of regions had >20X coverage.
The results demonstrated a specificity of 99.6% and a sensitivity of 94.9%. A study
of 104 unrelated individuals revealed an average carrier burden of 2.8 severe
pediatric recessive mutations per individual, and the distribution of mutations
appeared to be random and pan-ethnic. The authors also commented that about
27% (122 of 460) of the literature-documented mutations are actually common
polymorphisms or have been mis-annotated, underscoring the need for better
mutation databases.

The authors believed that the combination of two target enrichment methods
could provide better detection sensitivity, although at a higher cost. Additionally
they commented that sequencing cost could be further decreased with higher test
volume. An important issue in the discussion was the availability of informatics
support and result interpretation. This remains a major challenge for laboratories
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looking to implement MPS-based population carrier screening tests in clinical
settings in which regulatory guidelines set by CLIA and CAP are required to be
followed for certified clinical diagnostic laboratory [51].

2.2 Whole Exome Sequencing

The common procedures for analyzing exome sequencing results include primary
analysis to convert image data to base-calling, secondary analysis to align and map
sequence reads, and tertiary analysis to annotate the variants. Examples of bioin-
formatics tools needed for the processing of sequence data can be found at http://
seqanswers.com/wiki/How-to/exome_analysis. The bulk of variants detected by
MPS are routinely filtered using publicly available SNP databases, the population
allele frequency, computational algorithms for function prediction, and disease
databases. Comparison of the variants among family members or unrelated patients
with similarly defined clinical syndrome is very helpful in narrowing down the
genes for further confirmation and investigation.

As described in the examples of target gene sequencing, a large number of
patients with clinical diagnosis were left without an identified molecular cause
despite sequence analysis of a group of candidate genes responsible for the clinical
condition. These results suggested that the disease causing mutations might not be
in the genes that were targeted for sequencing or that mutations were not in the
coding regions of the targeted genes. Complete exome sequencing (WES) addresses
the first problem, but sequencing of the whole human genome, including the non-
coding region (WGS), would be needed to solve the second problem.

It has been shown that whole exome sequencing (WES) of a small number of
affected, unrelated individuals could potentially be used to identify a causal gene
underlying a rare Mendelian monogenic disorder [52]. In a recent report, DNA samples
from four affected individuals in three unrelated kindreds with Miller syndrome were
subjected to exome capture followed by single-end, 76 bp cycle sequencing [30].
About 40X coverage of 26.6 Mb mappable exome sequence was obtained. After
filtering through dbSNP129 and eight HapMap exomes, a single candidate gene,
dihydroorotate dehydrogenase (DHODH), a key enzyme in the pyrimidine de novo
synthesis pathway, was identified. Sanger sequencing confirmed the presence of
DHODH mutations in three additional families with Miller syndrome [30]. Using
this approach, the same group successfully analyzed exomes from ten patients with
autosomal dominant Kabuki syndrome. After filtering against SNP databases, candi-
date genes containing novel variants in all affected individuals were not found. With
less stringent filtering criteria, allowing for the presence of modest genetic heteroge-
neity, multiple candidate genes were found. After phenotypic and genotypic stratifica-
tion, a gene MLL2 encoding the trithorax-group histone methyltransferase was
identified. Follow-up sequencing detected MLL2 mutations in 2 of the remaining 3
patients and 26 of 43 additional cases with Kabuki syndrome [52, 53].


http://seqanswers.com/wiki/How-to/exome_analysis
http://seqanswers.com/wiki/How-to/exome_analysis

32 W. Zhang et al.

The two examples described above are characteristic Mendelian disorders
that occurred in multiple unrelated families. The use of exome sequencing
identified new disease genes. Recently, this approach enabled researchers to
make a clinical diagnosis of a previously undefined disease that altered the
treatment in a single child with a life threatening inflammatory bowel disease
(IBD) [54]. The male child presented at 15 months with perianal abscesses and
proctitis, suggesting an immune defect. However, comprehensive clinical evalua-
tion could not reach a definitive diagnosis. Exome sequencing performed on this
individual identified 16,124 variants. After analysis, a novel hemizygous missense
alteration that changed a highly conserved cysteine residue to tyrosine in
the X-linked inhibitor of apoptosis (XJAP) gene was identified as the causative
mutation [54]. Functional studies using peripheral blood mononuclear cells
(PBMCs) from the patient and normal controls demonstrated defective
responsiveness to NOD2 ligands and enhanced apoptosis in the patient’s
PBMCs, suggesting that the mutation leads to the loss of XIAP activity. Based
on the diagnosis, an allogenic transplant of hematopoietic progenitor cells was
performed and the child was able to ingest food without recurrence of the
gastrointestinal disease. This report demonstrates the power of exome sequencing
in molecular diagnosis of a novel disease and the utility of exome sequencing
method in a clinical laboratory [54].

2.3 Whole Genome Sequencing

Before WES became commonly used for clinical diagnosis, whole-genome sequenc-
ing (WGS) was also proven to be a useful research tool for new gene discovery [9,
78, 79]. Using the ABI SOLIiD platform, WGS was performed on the proband of a
family with a recessive form of Charcot—-Marie-Tooth disease. Compound hetero-
zygous mutations in the SH3TC2 gene were identified and the mutation were found
to segregate with disease in four affected siblings [9].

Similarly, using the ABI SOLiD 4 platform, the disease gene was discovered
in a twin brother and sister initially diagnosed with cerebral palsy in early
childhood. The WGS revealed an average coverage of 30X and 2,500,000
variants. Extensive filtering resulted in 70 variants. Among them, only three
genes were considered to be candidates for an autosomal recessive disorder.
One of them was the SPR gene, encoding a sepiapterin reductase, responsible
for the synthesis of tetrahydrobiopterin, an important cofactor for the biosynthesis
of neurotransmitters. Based on the finding, a new therapeutic regimen was
administered that led to the improvement of clinical symptoms [11]. This disco-
very of the gene responsible for DOPA responsive dystonia demonstrated that,
similar to WES, the WGS approach can not only provide a molecular diagnosis
for patients with rare genetic disorders but also guide effective treatments that
would otherwise not have been considered [11, 54].
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2.4 Application of MPS to Prenatal Diagnosis

Current molecular prenatal diagnosis requires invasive procedures for amniocente-
sis or chorionic villus sampling. In addition to cost, these procedures have an
approximately 0.5% miscarriage risk. Thus, it is desirable to develop a non-invasive
procedure for prenatal diagnosis to avoid the risk of fetal loss.

Recently there has been rapid progress in applying MPS techniques to the
detection of fetal chromosomal aneuploidies using maternal plasma DNA. These
developments have built upon the pioneering work of Denis Lo and his coworkers
at The Chinese University of Hong Kong [80], who demonstrated that at the end
of first trimester more than 10% of cell-free DNA is from fetal genome. The
detection of trisomy 21 aneuploidy from maternal plasma DNA by MPS has been
shown to be more reliable than the detection of other aneuploidies such as
trisomy 18 and 13 [55]. Subsequently, three large-scale studies involving multiple
centers have further confirmed the clinical validity of this approach [81-83].
These studies established that non-invasive detection of fetal trisomy 21 could
be carried out at nearly 100% sensitivity and 98% specificity by multiplexed MPS
of maternal plasma DNA. Thus, the implementation of the MPS-based detection
method will undoubtedly decrease the risk of fetal loss associated with the
screening of high risk pregnancies. However, practical considerations, such as
turnaround time, cannot be overlooked. It is likely that an invasive procedure will
still be required for follow-up.

As for the application of MPS to the prenatal mutation detection of monogenic
disorders, differentiating germline from somatic mutations appears to be challeng-
ing. A pilot study to detect fetal B-thalassemia mutations using maternal blood and
massively parallel sequencing illustrates the possibility of investigating specific
genetic disease loci [84].

3 Target Gene Enrichment Methods

3.1 Multiplex PCR

3.1.1 Microfluidic Chip Multiplex PCR

As the most common method for Sanger sequencing, the PCR-based enrich-
ment method has the potential to be tailored for MPS based tests. Simplex PCR is
unlikely to be applicable since it is quite labor intensive if the target region is large
and thousands of PCR are needed. To generate high throughput target amplicons
by PCR, multiple methods have been investigated including multiplex PCR and
Fluidigm (South San Francisco, CA) Access Array [85, 86]. In a multiplex PCR,
several pairs of primers are mixed together in order to amplify multiple regions of
the genome in a single PCR tube under the same cycling condition. The Fluidigm
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access array utilizes a microfluidic chip, which contains separated minute chambers
and thus solves the problems of encountered non-specific amplification in regular
multiplex PCR. Simplex PCR is performed in each physically partitioned space
without cross interference with the others. Under this setting, up to 48 samples can
be mixed individually with up to 10 unique primer pairs. Each amplicon or set of
amplicons is maintained separately after amplification. With the fixed capacity,
microfluidic chip multiplex PCR can be tailored for a small target gene region for
enrichment.

3.1.2 Microdroplet-Based Multiplex PCR

Another solution for performing multiple PCR reactions simultaneously with com-
parable amplification efficiency is using microdroplet-based multiplex PCR. In this
setup, each reaction droplet is a reaction well in isolation with a lipid capsule and
contains a small amount of template DNA along with one primer pair and the PCR
reagents (polymerase, dNTPs, and buffers) [87]. To generate such reaction droplets,
template/reagents droplets and primer droplets are first formed separately as indi-
vidual libraries and then merged together on a microfluidic chip, which is currently
commercialized by RainDance Technologies (Lexington, MA). During the PCR
reactions, amplifications are carried out independently in each droplet, mimicking a
simplex PCR. Therefore, more uniform enrichment of the target regions can be
achieved as compared to the conventional multiplex PCR method.

Nevertheless, due to the same intrinsic characteristics, microdroplet PCR
technology also faces several challenges shared with other PCR-based assays,
including limited availability of primer design at certain genomic regions and
relatively small target size. Other enrichment methods, such as capture-based
enrichment methods, may be considered as an alternative when large chromo-
somal regions are targeted.

3.2 Oligonucleotide Probe Based Capture on a Solid Phase

In the array-based capture assays, DNA probes are synthesized on microarrays,
ranging from 60 bases to 90 bases in length, for example in NimbleGen probes [88,
89]. Hybridization is performed directly on solid phase array chips to capture the
target regions, followed by extensive washing to remove non-specifically bound
DNA. Captured DNA is then eluted from the arrays for MPS library construction.
Currently, different commercial companies have extended their array capacity with
the size of the targeted regions to ~30 Mb. Although it is more time- and cost-
efficient than PCR based enrichment, array based capture has its drawbacks: low
through-put and difficulty to scale up.
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3.3 Oligonucleotide Probe Based Capture in Solution Phase

Solution capture shares most features of array-based capture, except that it does not
require dedicated hybridization instrumentation since the capture hybridization is
carried out on a regular thermocycler at either 42 °C (for NimbleGen DNA probe
based capture) or 65 °C (for Agilent SureSelect RNA probe based capture). In
addition, the solution capture processes can easily be scaled up and automated with
robotic liquid handling for simultaneous capture of 96 samples in a 96-well plate
set-up. Multiple studies have been performed to compare the performance of DNA
probe- and RNA probe-based in-solution capture. The results demonstrated similar
capture capability with slightly better uniformity achieved by the DNA probe-based
method [90-93]. Nevertheless, one common hurdle shared by all capture-based
enrichment is the co-capturing of targeted loci/genes with corresponding
pseudogenes. At times it is difficult to retrieve only the target sequence if the
regions of interest contain long stretches of highly (>90%) homologous sequences
such as the case of pseudogene. This is a problem that may not be resolved by the
modification of the probe design and experimental procedures. However,
pseudogene sequences may sometimes be filtered out by stringent alignment in
post-sequencing data management.

4 Cautionary Tale of Current MPS Tests Offered for Clinical
Application

As reviewed above, different gene enrichment methods may have certain
limitations and these limitations directly affect the subsequent MPS analysis [94,
95]. In addition, read coverage, sensitivity, specificity, and turnaround time may
vary depending on the size of the target genes and the chemistry of the different
MPS platforms. To bring this new research technology (a series of new technology,
in fact) to the standard required for medical application needs stringent validation.
In this section we will review the potential shortcomings of the current MPS
methodologies and how they will impact on the application to clinical settings.

4.1 PCR-Based Target Amplification Has Intrinsic Drawbacks

This PCR-based amplification followed by MPS encounters some potential
drawbacks, which usually appear to produce uneven coverage of the target regions.
Poor amplification of some targets may be due to high GC content or particular
DNA structures. The presence of SNPs at the primer sites may also cause allelic
dropout. In addition, it is difficult to detect large deletion/insertion events using
PCR-based enrichment methods.
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4.2 Lack of Sufficient Clinical Validation, Specificity, Sensitivity

Unlike the Sanger method, MPS analyses involve more technical steps, including
sample preparation, multiplexing, sequencing, and image detection, setting
parameters for variant detection, filtering algorithms and cut off values, as well as
evaluation of detection sensitivity and specificity. Each of these steps requires
quality control and clinical validation. Depending on the enrichment methods,
sequencing chemistry and platforms, as well as analytical tools, individual
laboratories may institute different standards and procedures. Therefore, some
kind of consensus on standard setting is required.

Review of the published articles revealed that the majority of laboratories used a
limited number of pre-selected, known positive samples as controls for validation.
For example, 5 control samples were from MFS [46] and only 12 known positive
controls were used for CDG validation [48]. This level of validation underestimates
the false negative rate and thus these methods may have lower assay sensitivity. The
validation procedures should be designed in such a way that the full spectrum of the
target regions is examined with a large sample size in two phases; phase I with
blinded samples and phase II with known positive controls, in order to fulfil the
requirement of a full clinical validation.

4.3 High False Negative Rate Due to Low Coverage

Regardless of the methods used for target gene enrichment, low or no coverage for
certain exons is a common problem. This is more common in GC rich regions or
regions with particular DNA sequence structures that are susceptible to DNA frag-
mentation. In addition, different chemistry of sequencing platforms, and the different
computational algorithms, may miss particular regions of target sequences. For
example, indels in the homopolymer regions are easily missed by pyro-sequencing-
based technology, and short tandem repeats (STRs) may be missed by ligation based
short reads. The low and no coverage regions are the major cause of false negative
results, which in a clinical setting are the least acceptable analytical errors. For a
panel containing a small number of genes, these low or no coverage regions may be
easily filled by conventional PCR/Sanger sequencing. However, even if the missed
regions are known, it may be impossible to fill these gaps by Sanger sequencing if
there are a large numbers of low coverage regions. As described in the published
papers, 28 out of the 215 coding regions of the CDG study [48] and 20% of the exons
in the HSP study were not well covered. Moreover, 34 out of 1,912 amplicons in the
XLID study failed amplification [37]. Although there is no standard regarding the
minimum coverage required for MPS-based clinical tests, a preliminary cut-off of at
least 40 reads from both directions was suggested (TECHGENE forum 2011,
Leuven, Belgium). At this cut-off, on average, about 5-10% of the target regions
are considered not sufficiently covered. That would mean that about ~9,000—18,000
coding exons are not well covered in the whole exome sequence analysis. A recent
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analysis on the coverage depth with regard to the detection sensitivity and sequencing
errors indicated that a few hundred-fold coverage may be needed for accurate
diagnosis in some clinical situations [96].

4.4 Confirmation of Detected Variants to Rule Out False Positives

False positive rate is high in MPS experiments. Typically, about 10-20 variants per
gene are detected [97]. This number can be greatly reduced after filtering,
depending on the filtering criteria. On average, there may be up to two missense
variants per gene. As such, if a panel of 20 genes is analyzed, there will be
approximately 20 novel variants that require confirmation by a second method,
usually by Sanger sequencing. This verification step is necessary for two reasons —
to remove incorrect calls due to experimental error, and to confirm the diagnosis.
The confirmation may become burdensome or impossible when the number of
genes analyzed increases to 1,000 or 20,000 for the whole exome. For a clinical
test, all novel variants with possible clinical significance must be verified before
reporting. The confirmation of a large number of novel variants is time-consuming,
resulting in a long turnaround time, which is impractical for clinical diagnosis.

4.5 Interpretation of Novel Variants: The Most Challenging Task

The human genome reference sequence has been updated constantly (Homo sapiens
GRCh37.2 (hg19) is being used now). Although the majority of variants detected by
MPS have been observed previously, a normal healthy individual may carry a
number of sequence changes, of which, majority are benign [98, 99].

The population based variant database dbSNP (http://www.ncbi.nlm.nih.gov/
projects/SNP/) has documented allele frequencies, but some ethnic specific variants
may be underrepresented; such alleles are often confused for disease causing
mutations. Bioinformatics tools have been used extensively to help with the inter-
pretation of novel variants [100, 101]. However, none of these tools have been
validated for clinical use and most of the commonly used algorithms have very high
false-positive and false-negative rates [102]. Another issue is that a high number of
sequencing errors may be mistaken as de novo events. Family-based sequencing
has therefore been proposed to aid in the gene discovery [98, 103, 104]. In chapter 4
of this book, another approach using protein structure information is reviewed for
its potential use in MPS.
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5 Discussion

In the field of clinical medical genetics, the advancement of molecular diagnosis for
detecting inherited genetic defects usually accompanies the development of new
technologies. These novel technologies often lead to the rapid discovery of new
genes and new diseases, leading to further improvement in molecular diagnosis,
patient care, and management [20, 105-107].

Since the development of the Sanger dideoxynucleotide-terminator sequenc-
ing method, it gradually became, and has remained, the gold standard for
clinical molecular diagnostics, due to its accuracy in detecting small genetic
variants. The diagnosis of monogenic genetic disorders using Sanger sequencing
usually has a reasonable turnaround time of approximately 6—8 weeks depending
on the size and complexity of the gene interrogated. However, the laborious
workflow, error-prone nature, and high operational cost make it unattractive in
the new genomic era, especially when sequencing large genomic regions are
frequently involved.

The sequencing of James Watson’s genome in 2008 was the first “personal
genome” accomplished by using MPS. The era of genomic medicine has arrived
and MPS will be a key feature, which will evolve with reducing price and increas-
ing throughput [7]. The methodology developed at the human genome sequencing
center (HGSC) at the Baylor College of Medicine has since paved the road to
personalized genome re-sequencing for disease gene discovery, risk factor assess-
ment, and MPS-based molecular diagnoses in a clinical setting.

However, there are growing pains as we move forward with these novel
technologies. The biggest challenge is the interpretation of the enormous amount
of genomic data and the establishment of genotype and phenotype correlations.
There are about 3,000,000 single nucleotide polymorphisms in each individual,
and everyone is a carrier of some recessive diseases [108]. The complexity posed
by these technologies is illustrated by the recent comparative genomic analysis of
an individual using different platforms, only about 60% of the variants called are
likely to be real [109]. It is clear that, without careful validation, MPS at its
present shape cannot be reliably and widely used in clinical setting for diagnosis
of genetic diseases.

Another aspect of the complexity is establishing the physiological and patholog-
ical significance of a genetic variant in an individual’s genome. For example, a
recent newborn screening study revealed that the pathogenic status of the previ-
ously identified ¢.1436C>T (p.P479L) mutation of the CPT/A gene is debatable
due to its high frequency and low penetrance in the Inuit population [110, 111].

The sequencing errors generated during an MPS run may not be a big problem
for the purpose of gene discovery and other research applications, as these studies
often involve multiple family members or multiple unrelated pedigrees with the
same disease, which could be used for internal validation [52, 53]. However, when
clinical molecular diagnosis is to be made for a sample of single patient with
uncertain disease diagnosis, the accuracy of the sequencing results becomes very
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critical and crucial [18, 54, 112, 113]. The relatively high false positive findings
demonstrated by different groups in this review need to be resolved before the MPS
approach can make widespread impact on patient care.

The use of MPS technology is not a perfect solution to all genetic problems.
Similar to other molecular technologies, there are limitations such as the inability to
detect large, complex genomic structural rearrangements [95]. It also has difficulty
in distinguishing active gene from pseudogene or highly homologous genomic
regions. Other technologies, including aCGH and Sanger sequencing, are presently
required to complement these shortcomings in order to detect the full spectrum of
mutations responsible for genetic disorders. In light of these practical issues in the
routine application of MPS to clinical diagnosis and patient care MPS will likely
require further improvements in both accuracy and standardization [18].

6 Conclusion

The studies reviewed here demonstrate promising results in the development of
MPS technologies for clinical applications [20, 114, 115]. The adaptation of MPS
approaches to clinical diagnostics has been an on-going active pursuit. Continual
improvement of the accuracy of sequencing chemistries, computational
algorithms for alignment, bioinformatics analytical tools, and the improved
methods for the interpretation of variants will make MPS a primary tool of
clinical laboratories. Although finding the causal change for a simplex case is
in fact a difficult undertaking, it will become routine [106]. Many hurdles are
expected to be resolved in the near future [18, 94, 104, 116]. There is every
reason to expect that reduction in cost and improvement in accuracy and speed
will be seen in the coming years.
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Clinical Applications of the Latest Molecular
Diagnostics in Noninvasive Prenatal Diagnosis

K.C. Allen Chan

Abstract The presence of cell-free fetal DNA in the plasma of pregnant women
has opened up the possibility of noninvasive prenatal diagnosis. With the advances
in molecular techniques of microfluidics and massive parallel sequencing, an
increasing number of fetal genetic diseases/conditions can be noninvasively
detected using maternal plasma DNA analysis. Remarkably, it has recently been
shown that the genome-wide genetic map of an unborn fetus can be constructed
through extensive sequencing of maternal plasma DNA. In this chapter the different
qualitative and quantitative approaches and related methodology for the analysis of
fetal DNA in maternal plasma are discussed.
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1 Discovery of Circulating Fetal DNA in Maternal Plasma

Prenatal diagnosis is an established part of obstetric care in most developed
countries. Conventional methods for obtaining fetal genetic materials for prenatal
diagnosis, include amniocentesis and chorionic villus sampling (CVS), carry a
definite risk of inducing miscarriage. In 1997, Dennis Lo et al. discovered that
fetal DNA is detectable in the cell-free plasma of pregnant women by showing the
presence of Y chromosome sequences in the plasma of pregnant women carrying
male fetuses using polymerase chain reaction (PCR) and those chromosome Y
sequences were not detectable in the plasma of women carrying female fetuses [1].
This discovery suggests that maternal plasma DNA can be a noninvasive source of
fetal genetic materials and has been the prelude to developments of noninvasive
prenatal diagnostic tests based on the analysis of fetal DNA in maternal plasma.

1.1 Qualitative Analysis of Circulating Fetal DNA
in Maternal Plasma

The early noninvasive diagnostic applications of maternal plasma DNA analysis
were based on the detection of paternal-specific sequences. These sequences are
only present in the genome of the father but absent in the maternal genome. The
detection of such sequences in the maternal plasma would indicate the inheritance
of such sequences from the father by the fetus. In the early studies the detection of
the Y chromosome-specific sequences in maternal plasma/serum was used for the
determination of the fetal gender. The presence of such sequences in the maternal
plasma/serum indicates a male fetus and the absence of such sequences is sugges-
tive of a female fetus. In a proof-of-principle study, Lo et al. analyzed the plasma
DNA from pregnant women carrying male and female fetuses [1]. Using conven-
tional qualitative PCR targeting the DYS/4 gene on the Y chromosome, they were
able to detect Y-specific signals in 24 (80%) of the 30 maternal plasma samples, and
in 21 (70%) of the 30 maternal serum samples, from women bearing male fetuses.
On the other hand, none of the 13 women carrying female fetuses, and none of the
ten non-pregnant control women, had positive results for plasma or serum. These
results provide concrete evidence of the presence of fetal DNA in the cell-free
plasma/serum of maternal blood. In subsequent studies, circulating fetal DNA was
shown to be detectable in maternal plasma at as early as 5 weeks of gestation
and the accuracy of fetal gender assessment was shown to be better than 95%
even in early gestations [2—4]. Noninvasive prenatal fetal gender assessment was
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particularly useful for the clinical management of congenital adrenal hyperplasia,
as early replacement of corticosteroid during pregnancy can prevent the virilization
of the affected female fetus [5].

Soon after the demonstration of the presence of circulating fetal DNA in
maternal plasma, this newly discovered phenomenon has been applied to the
noninvasive prenatal determination of fetal rhesus D genotype. Rhesus D blood
group incompatibility between the fetus and the mother can cause severe hemolytic
disease of the fetus or newborn. The prenatal determination of the rhesus D status of
a fetus in a rhesus D-negative pregnant woman is useful for guiding the subsequent
therapies, e.g., anti-rhesus D immunoglobulins therapy, to avoid the sensitization of
the mother. However, any invasive ways for obtaining fetal tissues for rhesus D
genotyping/phenotyping would carry risk of immune-sensitizing the mother, thus
making the situation worse. The discovery of the presence of fetal DNA in maternal
plasma has provided a safe alternative for performing prenatal fetal rhesus D
genotyping. In 1998, Lo et al. demonstrated that the RHD gene sequences could
be detected in the plasma of rhesus D-negative women carrying rhesus D-positive
fetuses but not in those carrying rhesus D-negative fetuses [6]. These results were
rapidly confirmed by a number of other studies involving much larger number of
subjects [7—10]. The accuracies of these reports ranged from 95.7% to 99.8%
[7-10]. Because of the robustness of the test, noninvasive RHD genotyping by
maternal plasma analysis has been rapidly adopted by many countries as a routine
clinical service for rhesus D-negative pregnant women [7, 11, 12].

A similar approach was then applied to the prenatal detection of paternally
inherited autosomal dominant conditions, for examples Huntington’s disease,
myotonic dystrophy, and achondroplasia [13—15]. The qualitative detection of
paternal mutations in maternal plasma would indicate the inheritance of such
mutations by the fetus and hence indicate that the fetus is affected. However, this
approach cannot be applied to the scenarios where the mother is a carrier of the
mutation. In those scenarios, both the mutant and the wild-type alleles would be
present in the maternal plasma regardless of the mutational status of the fetus.
Therefore, qualitative detection of the mutant allele cannot be applied directly to
the prenatal diagnosis of autosomal recessive conditions, autosomal dominant
conditions where the mother carries the mutation and sex-linked disorders. Fur-
thermore, the interpretation of negative detection of the mutation in a maternal
plasma sample is not as straightforward as that for a positive result. Although a
negative result usually indicates the absence of such a mutation in the fetal
genome, other technical causes also need to be considered. For example, the
presence of very low concentration of fetal DNA in the maternal plasma sample
or the degradation of the plasma DNA can also result in a false-negative detection
of the fetal mutation in the maternal plasma. These analytical causes are particu-
larly important when the sample is taken during early gestation when the fetal-
derived DNA is only present at very low concentration in maternal plasma. In this
regard, the analysis of a positive control for fetal DNA would be useful for
excluding the technical reasons for the false-negative detection of the mutation
of clinical interest.
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The analysis of sequences on the Y chromosome would be an obvious choice as
a fetal DNA marker. However, these Y chromosome-specific fetal DNA markers
can only be applied to pregnancies carrying male fetuses. In this regard, other
polymorphic markers have been used as positive controls for rhesus D genotyping
in some large-scale studies [16, 17]. However, as the polymorphic difference
between the fetus and the mother would vary between individual pregnancies, a
large number of polymorphic markers would be required so as to achieve a
desirable sensitivity for detecting the fetal-specific alleles. Therefore, the develop-
ment of universal fetal DNA markers that are independent of the fetal gender and
polymorphic variations would be very useful for maternal plasma fetal DNA
analysis. In this regard, Chim et al. demonstrated that the SERPINBS gene is
methylated in the blood cells and hypomethylated in the placenta [18]. In non-
pregnant individuals, circulating DNA is mainly derived from hematopoietic cells
[19] and the circulating fetal DNA in pregnant women is derived from the placenta
[18]. Therefore, the placentally derived hypomethylated SERPINBS sequences
can be used as a fetal DNA marker in maternal plasma and this marker is gender
and polymorphism independent. The detection of hypomethylated SERPINBS
sequences in maternal plasma can be achieved by methylation-specific PCR.
However, this procedure involves the bisulfite conversion of DNA which can lead
to substantial DNA degradation by up to 93%, thus limiting the accuracy of using
hypomethylated SERPINS as a positive control for fetal DNA in maternal plasma.
In a subsequent study, Chan et al. showed that the RASSFIA gene is unmethylated
in the blood cells and hypermethylated in the placenta, the exact reverse pattern of
SERPINBS [20]. They showed that fetal-specific methylated RASSF1A sequences
could be detected by a method called methylation-sensitive restriction enzyme-
mediated real-time PCR. In this method, the plasma DNA sample is first digested
with the methylation-sensitive restriction enzyme, BstUI, such that the non-
placentally derived unmethylated RASSFIA sequences is degraded — then the
uncut methylated RASSFIA sequences from the placenta can be detected by real-
time PCR. As the enzyme digestion is very specific for the unmethylated sequences,
this method is much more sensitive than the bisulfite-based methylation-specific
PCR for detecting the low concentration of fetal DNA in maternal plasma. This new
universal fetal DNA marker has been shown to be useful for identifying the false-
negative results due to the presence of low or absence of fetal DNA in maternal
plasma samples [20-22].

1.2 Quantitative Analysis of Fetal DNA in Maternal Plasma
by Real-Time Quantitative PCR

In addition to the applications which are based on the detection of the presence and
absence of certain fetal-specific DNA sequences in maternal plasma, a broader
spectrum of clinical applications has been developed based on quantitative analysis
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of fetal DNA sequences in maternal plasma. However, conventional molecular
genetic methods did not allow very precise quantitation of DNA molecules. This
hurdle is overcome by the latest advances in technology.

Soon after the discovery of fetal DNA in the plasma of pregnant women, Lo
et al. studied the fetal DNA concentrations in maternal plasma using real-time
PCR analysis. By targeting the SRY gene they showed that the absolute concen-
tration of fetal DNA in maternal plasma ranged from 3 to 70 genome-equivalents
per milliliter plasma (GE/mL), with a mean of 25 GE/mL, in early pregnancies
(gestational age 11-17 weeks) and from 77 to 770 GE/mL, with a mean of
290 GE/mL, in late pregnancies (gestational age 3743 weeks). These figures
correspond to mean fractional fetal DNA concentrations of 3.4% and 6.2% in
early and late pregnancies, respectively [23]. Recently, using more accurate
quantitative methods, the fractional concentrations of fetal DNA has been
shown to be higher than the figures reported previously [24]. The median frac-
tional fetal-DNA concentrations measured using digital PCR were 9.7%, 9.0%,
and 20.4% for the first, second, and third trimesters, respectively [24]. After
delivery of the fetus, fetal DNA is cleared rapidly from the maternal circulation
with a half-life of 16.3 min [25]. This observation is very important for the
subsequent developments on prenatal diagnostic approaches using maternal
plasma DNA analysis as it implies that the fetal DNA from the previous preg-
nancy would not persist in the present pregnancy to affect adversely the accuracy
of maternal plasma DNA-based prenatal diagnostic tests. The mechanisms
involved in the clearance of fetal DNA from the circulation have not been
completely understood. However, the possibilities of hepatic and renal clearance
have been proposed. Regarding the latter possibility, it has been shown that Y
chromosome-specific sequences can be detected in the urine of pregnant women
carrying male fetuses [26-28]. However, the amount of fetal DNA excreted in
urine is relatively low and, by this mechanism alone, cannot account for the rapid
clearance of fetal DNA in maternal plasma [29].

Aberrations in the concentration of circulating fetal DNA are observed in various
pregnancy-associated conditions [30-32] and in pregnancies involving abnormal
fetuses [33-35]. For example, the absolute and fractional fetal DNA concentration
is increased in pregnant women suffering from preeclampsia, a pregnancy-associated
condition typically occurring during the third trimester, characterized by the presence
of hypertension and proteinuria [31, 32]. Interestingly, the elevation in fetal DNA
concentration has been shown to precede the onset of clinical symptoms [36] and is
hypothesized to be related to the impairment of placental perfusion [37]. Further-
more, it has also been shown that the clearance of fetal DNA is impaired in pregnant
women suffering from preeclampsia [38]. The fractional fetal DNA concentration in
maternal plasma is also increased in pregnant women carrying fetuses with trisomy
21 (Down syndrome) [33]. However, as the difference between women carrying
euploid and trisomy 21 fetuses is relatively small and there is significant overlapping
between the levels of the two groups, the measurement of the fetal DNA concentra-
tion in maternal plasma cannot provide sufficient discrimination power to serve as a
clinical test for Down syndrome [39]. With the development of better analytical
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platforms, more precise measurement of the quantities of different DNA species in
maternal plasma can be achieved. These technical advances have led to the
developments of more accurate diagnostic tests for detecting a wide variety of fetal
genetic abnormalities. In the following sections the principles of these new clinical
diagnostic applications of maternal plasma DNA analysis will be discussed.

2 Quantitation of the Mutant Alleles of Circulating Fetal DNA

2.1 A Challenge to Real-Time Quantitative PCR

The early developments of noninvasive prenatal diagnosis mainly focused on the
detection of paternally inherited mutations or sequences in maternal plasma. As
discussed above, this approach is particularly useful for the detection of autosomal
dominant diseases/conditions in families in which the father carries the mutation.
However, in the situation where the mother carries the mutation, both the mutant
and wild-type alleles would be detectable in the maternal plasma regardless of
whether the fetus has inherited the mutant or the wild-type allele from the mother.
This situation would be relevant to the clinical scenarios when both the father and
mother are carriers of the mutation in an autosomal recessive condition, and when
the mother carries the mutation in an autosomal dominant condition. In such
conditions, the quantitative analysis of the mutant and wild-type alleles in the
maternal plasma would be required for determining whether the fetus has inherited
the mutant or the wild-type allele from the mother. In principle, the allele inherited
by the fetus would be present in a higher concentration than the allele not being
inherited by the fetus, and the magnitude of the difference would be dependent on
the fractional concentration of fetal DNA in the maternal plasma. The relationship
between the fetal DNA concentration and the difference in the concentration of the
two different maternal alleles for a pregnant woman who is a carrier of a mutant
allele and carrying a fetus who is homozygous for the wild-type allele is illustrated
in Fig. 1. As this approach is based on the comparison of the relative dosages of
the mutant and wild-type alleles in the maternal plasma, this method has been
called the relative mutation dosage (RMD) approach [40]. Since the fractional
fetal DNA concentration is only around 10% in early pregnancy [24], the
concentrations of the mutant and wild-type alleles only differ by approximately
20%. The detection of a 20% difference in the concentration of two different
alleles in maternal plasma is technically very challenging. In the early works
related to plasma DNA analysis, the quantification of different DNA sequences
in plasma was mostly performed using quantitative real-time PCR. For real-time
PCR, the quantity of a target sequence in a sample is inferred by the number of
PCR cycles required to generate a threshold amount of fluorescence signal. As
each PCR cycle would approximately double the amount of PCR products, thereby
doubling the amount of fluorescence signal, it is generally accepted that real-time
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Maternal Fetal
genotype genotype
M w W w or M w
Fractional concentration
(1-F) :
in maternal plasma

Fractional concentration of the maternal alleles
in maternal plasma

Mutant allele = (1-F) o (1-F)+F=1
Wildtype allele = (1-F)+2F = 1+F (1-F)+F=1
Mutant /Wildtype ratio = (L-F)/(L+F) vs 1

Fig. 1 The principle of the RMD approach. The M and W rectangles represent the mutant and
wild-type alleles, respectively. F represents the fractional concentration of fetal DNA in the
maternal plasma

PCR is sufficiently accurate to determine a two-fold difference in the quantities of
two targets. In addition, the absolute concentration of DNA in plasma is only
around 1,000 GE/mL [24]. Therefore, when a small amount of the DNA target is
sampled and analyzed, the concentration of the target sequence in the sample
would be subjected to stochastic variation and this would adversely affect the
precision of this approach in detecting the quantitative difference between the two
alleles [40].

2.2 Digital PCR as a Solution

To achieve better accuracy for target sequence quantification, a single molecule
counting approach, called digital PCR, was developed [41]. The original
protocol of this method involves multiple steps: the DNA sample is first diluted
and then distributed into a number of PCR vessels. The concentration of the
diluted DNA sample needs to be adjusted so that only approximately half of the
vessels would contain a molecule of the target sequence. Under this dilution
level, most of the wells would contain either one or zero target molecules.
Then real-time PCR can be performed for all of the PCR vessels and the
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distributed in a
large no. of
reaction vessels

such that each
vessel contains

either one or zero PCR amplification
target DNA for individual
molecule reaction vessels

No. of positive reaction vessels is
counted and the no. of target
molecules in the original sample
is calculated.

Fig. 2 The principle and workflow of digital PCR analysis

vessels containing a target molecule would give a positive signal. Finally, the
number of vessels showing a positive signal can be used to infer the number of
target molecules in the original sample. Using digital PCR analysis, the number
of target molecules in a DNA sample can be directly counted and this approach
would give a more accurate estimation of the target molecules in a sample
compared with real-time PCR [24]. The principle and work-flow of digital PCR
analysis is illustrated in Fig. 2.

The precision of the digital PCR measurement would be affected by stochastic
variation, and magnitude of stochastic variation is dependent on the number of
target molecules being analyzed. The higher the number of molecules analyzed, the
less the stochastic variation would be affecting the measurement. For RMD analy-
sis, the number of target molecules needing to be analyzed to give accurate results is
dependent on the quantitative difference in the concentrations of the mutant and
wild-type alleles which in turn depends on the fractional concentration of fetal
DNA in the maternal plasma sample [24]. In this regard, Lun et al. performed a
computer simulation analysis to estimate the number of target molecules needing to
be analyzed so as to achieve a 99% accuracy in the RMD analysis. When the
fractional fetal DNA concentration in a plasma sample is 20%, approximately 1,000
molecules would need to be analyzed. This figure increases to 4,000 when the
fractional fetal DNA concentration is dropped to 10%, and further increases to
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16,000 when the fractional fetal DNA concentration is dropped to 5% [40]. In early
pregnancy, the absolute concentration of total DNA in the maternal plasma is
approximately 1,000 GE/mL and the fractional fetal DNA concentration ranges
from 5% to 10% [23, 24]. Therefore a relatively large volume of maternal blood
(>20 mL) would need to be collected so as to provide a sufficient amount of DNA
molecules for RMD analysis (also to account for the loss during the different
analytical steps). A further refinement of this technique which would allow a
more efficient use of plasma DNA and requiring a much smaller volume of
maternal plasma will be discussed in a later section.

3 Aneuploidy Detection

To determine whether the fetus is suffering from Down syndrome (trisomy 21) is
the most common reason for prenatal diagnosis in a pregnant woman. The devel-
opment of noninvasive methods for detecting Down syndrome and other chromo-
somal aneuploidies is therefore a long-sought goal for scientists working in this
field. However, the noninvasive detection of fetal Down syndrome is technically
challenging because the aberration to be detected is a quantitative change in
chromosome 21 dosage rather than the presence or absence of certain sequences
in the fetal genome. Here the different approaches developed for noninvasive
prenatal diagnosis of Down syndrome are discussed.

3.1 RNA Allelic Ratio Analysis

As fetal DNA is present at a low concentration in maternal plasma, together with a
high background of DNA derived from the mother, the detection of chromosomal
dosage aberration associated with a trisomy 21 fetus is technically challenging. One
possible solution for overcoming this problem would be the selective analysis of the
fetal-specific RNA transcripts in maternal plasma. In this regard, studies have
demonstrated that the fetal-specific nucleic acids in the maternal circulation are
indeed derived from the placenta whereas the maternal-derived nucleic acids are
mainly derived from hematopoietic cells [18-20, 42]. Therefore the fetal-specific
RNA transcripts can be identified through the comparison between the expression
profiles of placentas and maternal blood cells [42]. The transcripts expressed in the
placenta but not by the hematopoietic cells would be fetal-specific and the analysis
of these transcripts may reveal the genetic composition of the fetus. Among the
different fetal-specific transcripts located on chromosome 21, PLAC4 has the
highest expression level in the placenta and, hence, it is used as a target for
developing the diagnostic approach depending on the RNA allelic ratio analysis
[43]. The principle of this approach is illustrated in Fig. 3. This approach is
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Fig. 3 The principle of the RNA allelic ratio approach

applicable when the fetus is heterozygous at an SNP located on the PLAC4 gene. If
the fetus is euploid (having two copies of chromosome 21), the two alleles located
on the two different chromosomes 21 would be present at the same concentration.
However, if the fetus is having an additional dosage of chromosome 21, the two
alleles would be present at different concentrations. The allele on the extra chro-
mosome would be present at a concentration twice as high as that of the other allele.
Therefore, the presence of a dosage imbalance between the two fetal alleles for
PLACH4 transcripts in maternal plasma would indicate the presence of a trisomy 21
fetus. In the initial study, the allelic dosage of PLAC4 was determined using mass
spectrometer [43]. In a cohort of 57 pregnant women with a mean gestational age of
14 weeks, the RNA allelic ratio analysis correctly identified 90% of the trisomy 21
cases and 96.5% of the euploid cases. The accuracy of this approach was subse-
quently shown to be affected by the plasma concentration of the fetal-specific
PLAC4 transcripts. Hence the measurement of the PLAC4 transcripts in the mater-
nal plasma would be usefully incorporated into the analysis of the RNA allelic
ratio analysis [44]. In a subsequent study it was shown that the PLAC4 allelic ratio
can be more accurately determined by digital PCR analysis and this can further
improve the accuracy of the prenatal diagnosis of this approach [45]. Despite
having a reasonable diagnostic accuracy, the RNA allelic ratio approach is only
applicable to pregnancies in which the fetus is heterozygous for the PLAC4 gene.
Using only one SNP locus on the PLAC4 gene, as in the original report, this test is
applicable to less than 50% of pregnancies. Although increasing the number of SNP
loci may potentially improve the coverage of this test, the identification of addi-
tional SNP loci in genes that are specifically expressed by the placenta but not the
hematopoietic cells is difficult.
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3.2 Epigenetic Allelic Ratio Analyses

Similar to the analysis of fetal-specific RNA, DNA exhibiting a fetal-specific
methylation pattern can also be used for prenatal detection of fetal aneuploidies.
In this regard, Tong et al. reported that the promoter of the SERPINB5 gene, which
is located on chromosome 18, is unmethylated in the placenta and hypermethylated
in the blood cells. Using methylation-specific PCR, fetal-specific unmethylated
SERPINBS sequences can be selectively amplified from the maternal plasma.
Using mass spectrometry analysis, the allelic ratio for an SNP on the unmethylated
SERPINBS sequences can be determined [46]. The presence of allelic imbalance in
the fetal-specific unmethylated SERPINBS sequences would indicate the presence
of an additional chromosome 18 in the fetus and suggests that the fetus is affected
by trisomy 18. As this method involves the analysis of allelic ratio in sequences
with fetal-specific epigenetic features, it is called the epigenetic allelic ratio (EAR)
approach [46]. However, similar to the RNA allelic ratio approach, the EAR
analysis is only applicable to those pregnancies in which the fetus is heterozygous
for the SNP on the fetal-specific gene and this has limited the practicality of
applying these methods as routine clinical tests for the prenatal detection of fetal
aneuploidies.

3.3 Relative Chromosomal Dosage Analysis

For RNA allelic ratio and EAR analyses, the aberration in chromosome dosage is
inferred from the imbalance in the allelic ratio at an SNP located on the trisomic
chromosome when the fetal-specific DNA/RNA sequences in maternal plasma are
analyzed. Therefore these methods are only applicable to a subset of pregnancies in
which the fetus is heterozygous at the target gene locus. Alternatively, the chro-
mosome dosage of a potentially aneuploid chromosome (the target chromosome)
can be compared with another chromosome (the reference chromosome) to deter-
mine whether the chromosome dosage of the target chromosome is increased in
maternal plasma and this is called the relative chromosome dosage (RCD) analysis.
There are two possible ways of performing the chromosome dosage analysis. One
way is to focus on the fetal-specific sequences only as in the RNA allelic ratio and
EAR approaches. As the trisomy fetuses would have a 50% increase in the
chromosome dosage of the target chromosome compared to euploid fetuses, the
precision required for detecting the chromosome dosage aberration is less strin-
gent. However, this method requires the identification of fetal-specific markers on
the target chromosomes. Alternatively, the chromosome dosage of total DNA in
maternal plasma can be determined regardless of whether the DNA is originated
from the mother or the fetus. The advantage of this method is that it does not
require any fetal-specific DNA marker. However, as only a small proportion of
DNA in maternal plasma comes from the fetus, the perturbation in chromosome
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indicate unmethylated and methylated status of the DNA fragments, respectively. The methylated
fragments are derived from the fetus and the unmethylated fragments are derived from the mother

dosage caused by a trisomy fetus is very small. Therefore the measurement of the
chromosome dosage needs to be very precise so as to achieve a good diagnostic
accuracy.

Regarding the former approach, Tong et al. developed the epigenetic—genetic
chromosome dosage (EAR) analysis and its principle is illustrated in Fig. 4. In this
method they used the placentally derived methylated HLCS sequences as the
fetal-specific targets to determine the chromosome 21 dosage in maternal plasma
because the HLCS gene is located on chromosome 21 and it is methylated in the
placenta and unmethylated in the blood cells [47]. By digesting the maternal plasma
DNA with methylation-sensitive restriction enzyme, the unmethylated HLCS
sequences would be degraded whereas the methylated HLCS sequences would
remain intact. Then the placentally derived methylated HLCS sequences can be
quantified. At the same time, a target on another chromosome can be quantified as
the reference. One possible reference would be a sequence on chromosome Y.
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However, this would only be applicable to the pregnancies with a male fetus. In the
proof-of-principle study they used an SNP polymorphism located on the chromo-
some 14 for determining the dosage of the reference chromosome. Using this
method, they demonstrated that the pregnancies involving a trisomy 21 fetus
would have an increased chromosome dosage when compared with the pregnancies
with a euploid fetus [47].

In addition to using fetal-specific targets for determining chromosome dosage,
chromosome dosage analysis can also be performed on the total circulating DNA in
maternal plasma regardless of whether they are derived from the mother or the
fetus. When the total DNA is analyzed, the degree of increment in chromosome
dosage in maternal plasma for pregnant women carrying a trisomy fetus is depen-
dent on the fractional fetal DNA concentration (f) in maternal plasma and is equal to
f72. For example, if 10% of the maternal plasma DNA is derived from the fetus, a
5% of increase in chromosome 21 dosage would be observed in the plasma of a
pregnant woman carrying a trisomy 21 fetus. As the perturbation in the chromo-
some dosage is small, the quantification of the targets on different chromosomes
needs to be very precise so as to achieve good diagnostic accuracy. In this regard,
Lo et al. demonstrated that chromosome dosage analysis can be accurately deter-
mined using digital PCR. Using computer simulation analysis, they have
established the mathematical relationship between the number of plasma DNA
molecules required for an RCD analysis and the fractional fetal DNA concentration
when single molecule analysis is to be used for the prenatal diagnosis of fetal
aneuploidies [45]. For example, they estimated that approximately 100,000
molecules need to be analyzed if fetal DNA only accounts for 5% of the total
maternal plasma DNA so as to achieve a diagnostic accuracy of 98%. However, to
analyze 100,000 target molecules is practically difficult when a single target is
used. This is because, in early pregnancy, the concentration of DNA in maternal
plasma is only around 1,000 GE/mL. One possible solution to this limitation is to
analyze multiple targets on the target chromosome and the reference chromosomes.
However, the difference in the efficiencies in detecting and quantifying different
targets is a potential source of analytical errors.

3.4 Random Sequencing Analysis

In 2008, two groups simultaneously reported the application of massively parallel
sequencing for the noninvasive prenatal diagnosis of Down syndrome [48, 49]. The
principle of this approach (Fig. 5) is similar to the RCD approach described above.
However, instead of counting predefined targets on the potentially aneuploid
chromosome and the reference chromosome(s), DNA sequences from any chromo-
some would be randomly selected from the maternal plasma and a portion of or the
entire DNA fragment would be sequenced. After the sequencing, the sequenced
DNA fragments would be aligned to the reference human genome to determine
their chromosome of origin. Then the proportion of the sequenced DNA fragments
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compared with that of the pregnant women known to be carrying a euploid fetus.

Fig. 5 Noninvasive prenatal analysis for fetal aneuploidy based on random sequencing

from each chromosome would be calculated. As the sequenced fragments are
located at different genomic regions, the exact copy number of the target and the
reference chromosomes in the plasma sample cannot be determined and the pro-
portion of sequenced fragments aligning to a chromosome would be proportional to
the size of that chromosome. When a pregnant woman is carrying a trisomy fetus,
the proportion of DNA fragments in maternal plasma originating from the trisomic
chromosome would increase, and the magnitude of increment is proportional to the
fractional fetal DNA concentration in the maternal plasma as discussed above. The
proportional chromosome representation of the tested subject can then be compared
with the data from a reference group which consists of pregnant women known to
be carrying euploid fetuses to determine whether it is significantly increased. In
contrast to all the approaches discussed above, the random sequencing method is
applicable to all pregnant women regardless of the gender and genetic polymorphisms
of the fetus they are carrying. The precision of measuring the chromosome dosage by
this method is dependent on the number of molecules sequenced. In the original study
the coefficient of variation in the measurement of proportional representation of
chromosome 21 in maternal plasma is only 0.5% and all the 28 cases (14 euploid
cases and 14 trisomy 21 cases) were correctly classified [48]. The accuracy of this
approach was soon validated in several large-scale clinical studies [50-52]. All of
these validation studies reported a sensitivity of 100% for the detection of Down
syndrome cases and the specificities of these studies ranged from 98% to 100%. As
the precision of measuring the chromosome dosage in plasma is dependent on the
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amount of maternal plasma DNA fragments being sequenced, it is reasonable to
expect that the accuracy of this method can be further improved by sequencing
more maternal plasma DNA fragments for each case. Soon after the demonstration
of the feasibility of this approach in detecting trisomy 21, this method was also
shown to be able to detect other fetal aneuploidies, including trisomy 13 and 18 [53,
54]. Moreover, this method is also sensitive enough to detect the gain of only a part
of a chromosome resulting from imbalanced translocation [55].

4 Genome-Wide Analysis of the Fetal Genome

The development of massively parallel sequencing technology has allowed the
detailed analysis of circulating DNA in maternal plasma to an unprecedented
resolution. Through the analysis of a large amount of DNA molecules, the fetal
chromosome dosage can be precisely determined, thus allowing accurate prenatal
detection of fetal aneuploidies. To explore the limit of this technology, Lo et al.
investigated whether it would be possible to construct the genome-wide genetic
map of a fetus through sequencing the circulating DNA of the mother [56]. This
task is extremely challenging for several reasons. First, the fetal genome is
fragmented into small pieces of less than 200 bp in maternal plasma [57]. In
other words, over 30 million small fragments would result from one diploid fetal
genome. Furthermore, as half of the fetal genome comes from the mother, there is
extensive overlapping between the fetal and maternal genomes. Therefore, the
selective analysis of the fetal genome would not be possible. To resolve these
problems, the fetal genome was deduced using the paternal and maternal genomes
as scaffolds instead of being de novo constructed from fetal DNA in the maternal
plasma. In the first step, paternal alleles that are absent in the maternal genome are
identified. The presence and absence of these paternal alleles in maternal plasma
would indicate which paternal alleles are inherited by the fetus. For the analysis of
the maternal alleles, the method used is similar to the RMD approach described
previously. In principle, the maternal alleles inherited by the fetus would be present
in slightly higher concentration than the alleles that are not inherited by the fetus.
However, to deduce accurately the fetal inheritance of all maternal SNPs using
RMD, an over 4,000-fold genome sequence coverage would be required even if the
fractional fetal DNA concentration is as high as 25% [40]. This high fold sequenc-
ing coverage is not practical even using massively parallel sequencing. To resolve
this problem, the relative haplotype dosage (RHDO) approach was developed [56].
The principle is illustrated in Fig. 6. In this method, the heterozygous SNPs in the
maternal genome are phased to determine the two haplotypes of the mother. The
alleles on the same maternal haplotype are analyzed together. From the sequencing
data of the maternal plasma, the sequenced fragments carrying the alleles on each of
the two maternal haplotypes are counted and compared statistically. The haplotype
that is present at higher concentration in the maternal plasma is deduced to be the
one inherited by the fetus. Using this approach, Lo et al. successfully determined
the genome-wide genetic map of a fetus by sequencing the maternal plasma DNA to
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a coverage of 65-fold [56]. While both the father and mother of this study case are
carriers of P-thalassemia mutations, the mutational status of the fetus was also
accurately determined.

5 Conclusion

Fifteen years after the discovery of the presence of cell-free fetal DNA in the
plasma of pregnant women, a broad spectrum of clinical applications have been
developed based on this phenomenon. The demonstration of the noninvasive
determination of a genome-wide genetic map of a fetus is particularly intriguing
as it indicates that almost all fetal genetic conditions could be noninvasively
detected using maternal plasma DNA analysis. In this chapter an overview of
how different qualitative and quantitative analyses of maternal plasma DNA can
be applied to noninvasive prenatal diagnosis of different fetal genetic diseases and
pregnancy-associated complications is given. It is expected that an increasing
number of these methods will be adopted for routine clinical use in the near
future.
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The Role of Protein Structural Analysis in the
Next Generation Sequencing Era

Wyatt W. Yue, D. Sean Froese, and Paul E. Brennan

Abstract Proteins are macromolecules that serve a cell’s myriad processes and
functions in all living organisms via dynamic interactions with other proteins, small
molecules and cellular components. Genetic variations in the protein-encoding
regions of the human genome account for >85% of all known Mendelian diseases,
and play an influential role in shaping complex polygenic diseases. Proteins also
serve as the predominant target class for the design of small molecule drugs to
modulate their activity. Knowledge of the shape and form of proteins, by means of
their three-dimensional structures, is therefore instrumental to understanding their
roles in disease and their potentials for drug development. In this chapter we
outline, with the wide readership of non-structural biologists in mind, the various
experimental and computational methods available for protein structure determina-
tion. We summarize how the wealth of structure information, contributed to a large
extent by the technological advances in structure determination to date, serves as a
useful tool to decipher the molecular basis of genetic variations for disease charac-
terization and diagnosis, particularly in the emerging era of genomic medicine, and
becomes an integral component in the modern day approach towards rational drug
development.

Keywords Drug development - Genetic diseases - Misfolding - Missense
mutations - Mutation analysis - Protein structures - Structure based drug design
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1 Structural Biology in the Post-Genomics Era

1.1 Introduction

The past decade has seen an explosion of genome sequences, thanks to the many
advances in sequencing technology. These global sequencing efforts have provided
us with genetic blueprints for a myriad of organisms in all kingdoms of life. The
approach to biomedical research therefore has undergone a radical and dramatic
transformation in the post-genomics era. In the emerging era of genomic medicine,
it is now possible to sequence completely 3 x 10° base pairs in the human genome
for individual patients. We are now tasked with the annotation and description of
the plethora of genomic data with regards to biological functions. Although the
protein-coding genomic space (exome) is small, where protein-coding exons
account for only 1% of the human genome, it represents a majority of the targets
for drug development, and 85% of Mendelian diseases are caused by genetic
variations in the exomic space. A protein is not merely an “alphabetical” sequence
of amino acids, but a macromolecule with three-dimensional (3D) shape and form,
capable of performing specialized biological functions in the cell via dynamic
interactions with other proteins, small ligands and cellular components. These
functional properties depend on a protein’s three-dimensional structure, and the
field of structural biology is instrumental in directing research towards an under-
standing of protein function and disease. A large amount of resources have now
been put in place, at the disposition of the broad community of non-structural
biologists in biomedical research, to exploit the wealth of protein structure
information.

In this chapter we aim to provide a brief overview of the current status in protein
structure determination, and summarize how protein structure analysis is integral to
two active and growing areas of biomedical research, namely understanding genetic
variations at a protein level to help disease diagnosis and guiding the development
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of small molecule therapeutics. Due to the broad subject matter, it is beyond
the scope of this chapter to provide an extensive discussion of all significant
developments in the ever expanding applications of structural biology. We, how-
ever, refer the interested reader to some excellent articles in the relevant sections for
more in-depth reviews. We also apologize to all those colleagues whose important
work could not be cited, or was cited indirectly, because of space consideration and
reference limits.

1.2 Methods of Obtaining Structural Information

1.2.1 Experimental Approaches

As of December 2011, the Protein Structure Database (PDB) contained ~77,700
protein structures in the public domain (http://www.pdb.org). These 3D structures
are experimentally derived by methods such as X-ray crystallography, nuclear
magnetic resonance (NMR) spectroscopy and electron microscopy (EM). Among
them, X-ray crystallography is the dominant structure provider (Fig. 1a), contri-
buting ~87% of total PDB entries. Since the first protein crystal structure in the
1960s (that of myoglobin [1]), the field of protein crystallography has made tremen-
dous technological advances in all stages of the structure determination process.
Examples of such development include the use of heterologous systems (e.g.
bacteria, baculovirus-infected insect cells, yeast) to recombinantly express proteins
in milligram quantities [2], use of fusion tags and automated chromatography
platforms to purify proteins, use of robotics in performing nanolitre-scale crystalli-
zation experiments [3], improvement of synchrotron and in-house X-ray sources that
reduces data collection time and extends resolution limits [4]; and software devel-
opment to accelerate the in silico data processing steps [5]. At present high-
resolution crystal structures can often be determined within days of obtaining
diffraction-grade crystals.

A second method of structure determination, solution NMR, analyzes resonance
assignment derived from short-range inter-proton distances in a protein (Fig. 1b).
Compared to crystallography, which requires the protein in a crystalline state, solution
NMR benefits from studying the protein in its native form, allowing the observation of
protein conformational dynamics and flexibility [6]. NMR provides an alternative
route to structure determination, especially for proteins difficult to crystallize,
contributing ~11% of total PDB entries. It is also very informative in mapping ligand
binding residues, by titration of the ligand onto the protein and analyzing chemical
shifts in a heteronuclear single-quantum correlation (HSQC) spectrum. However,
solution NMR consumes a considerable amount of radioactive isotope-labelled pro-
tein sample and time in the resonance assignment. There is also a size limit for proteins
amenable to solution NMR measurement (<30 kDa), although this limit will continue
to be pushed back by technological improvements [7].
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Fig. 1 Methods of protein structure determination. Experimentally protein structures can be
determined by protein crystallography (PX), nuclear magnetic resonance (NMR) spectroscopy
and electron microscopy (EM). These methods take advantage of recombinant technology that
facilitates the heterologous expression and purification of protein domains or complexes. Structure
models can also be constructed by homology modeling, if a structure template homologous to the
protein of interest is available

Electron microscopy (EM) can determine macromolecular structures at medium
to low atomic resolution, using single particle analysis where individual protein
molecules are imaged in solution and the 3D structure is reconstructed by back
projection of the 2D images (Fig. 1c) [8]. EM is useful in studying multiprotein
supramolecular complexes, particularly when combined with crystallography stud-
ies of the protein components. This allows the fitting of the individual proteins, of
which crystal structures were determined, into the molecular envelope of the intact
complex as determined by EM, to understand their relative orientations within the
complex. However the use of EM in small molecule development and understand-
ing genetic variations is currently limited by the data resolution restraint.
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1.2.2 Homology Modelling

Of the ~30,000 or so gene products predicted for the human genome, only around
15% have been structurally characterized by the experimental methods outlined
above. For the many remaining proteins in human and other organisms, computa-
tional modeling continues to bridge the gap between known sequences and avail-
able structures. The method of comparative or homology modeling allows a
structural model to be constructed for a target protein based on its similarity to
one or more known structures [9], on the premise that proteins sharing similar
sequences fold into similar 3D structures [10]. Today, a number of modeling
programs are available (e.g. MODELLER, salilab.org/modeller), some developed
as online servers where a sequence-to-structure process can be performed simply by
a few clicks. Their popular usage can in part be reflected by the number of available
protein models in online repositories such as SWISS-MODEL (swissmodel.expasy.
org), Modbase (modbase.compbio.ucsf.edu) and Protein Model Portal (www.
proteinmodelportal.org). Due to its popularity, homology modeling has played an
influential role in functional annotation and drug discovery for many protein
families, e.g. kinases and GPCRs (see examples in [11]).

Common to all modeling tools and servers is an overall four-step procedure
(Fig. 1d): (1) given the sequence of the target protein, homologues with known 3D
structures are identified; (2) a sequence alignment between the target protein and
homologues assigns residue correspondence between sequences; (3) the alignment
guides the model building of the target protein, using the homologue structure as
template; (4) finally, the constructed model is subjected to refinement and valida-
tion of its stereo-chemical properties. In general, the accuracy of homology models
depends heavily on the suitability of the template, with higher sequence homology
between target and template resulting in less positional errors (as measured by root-
mean-square deviations, rmsd, between their corresponding main-chain atoms). In
practice, sequence identity cut-offs between 40% [12] and 70% [13] have been used
to produce reliable models for understanding protein function and drug discovery
(at a 60% identity level rmsd is usually <1 /f\). Models derived from lower identity
templates (<30%) often have higher main-chain and side-chain errors due to a poor
quality sequence alignment with too many position gaps [14].

2 Protein Structure Analysis in Understanding Genetic
Variations

2.1 Studying Diseases in the Next Generation Sequencing Era

The recent advent of next generation sequencing (NGS; also known as massively
parallel sequencing) has progressed from the time- and cost-consuming Sanger
sequencing models to much quicker and cheaper methods [15], and revolutionized
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our approaches to study the relationship between genotype and disease [16].
Making particular impact has been the use of exome sequencing (i.e. all exons in
a genome) to investigate the genetic bases of rare Mendelian disorders with low and
sporadic incidence in the population [17]. Its success stems partly from not being
technically limited by small patient sample size, a major hurdle with conventional
methods of disease gene discovery such as linkage analysis and homozygosity
mapping. Today, exome sequencing has led to the discovery of new pathogenic
variants and candidate genes for a number of genetic disorders (e.g. Miller syn-
drome [18], Freeman—Sheldon syndrome [19], Kabuki syndrome [20]), and has
also offered opportunities to study complex polygenic diseases (e.g. diabetes,
Alzheimer’s and heart disease) where susceptibility is affected by multiple genes
with complex inheritance patterns.

NGS has therefore accelerated the rate of identifying variants in the human
genome. An increasing emphasis is now placed on the effects of these variations on
health and disease, although sieving through this huge volume of variant data is a
laborious task. Most genetic variations occur at the single nucleotide level,
represented as either single nucleotide polymorphisms (SNPs) if they have an
incidence of >1% in the genome [21], or as rare variants with <1% occurrence.
Rare variants, like SNPs, can be pathogenic (i.e. disease linked; often termed
conveniently as mutations) or benign (i.e. not disease linked). Of particular impor-
tance to disease diagnostics are those SNPs and rare variants that lead to amino acid
substitutions (missense variants) for two reasons. First, the contribution of missense
variations to disease is much higher than the summation of all other variant types
(e.g. frameshifts, insertions, deletions, splicing, nonsense), with 60—-75% of Men-
delian disorders caused by amino acid substitutions [22, 23]. Second, while the
consequences of most nonsense, frameshifts and insertions/deletions are self-
evident (e.g. resulting in truncated proteins), the effects of missense variations on
protein function and stability are more subtle and difficult to predict. Structural
information at the protein level is therefore needed to understand fully their
molecular effects.

2.2 Structural Characterization of Missense Variations

While traditionally not a front-line method of analysis, protein structural informa-
tion has increasingly been incorporated into bioinformatics and in silico methods to
characterize missense variants and predict their pathogenicity at the molecular level.
In the following subsections we outline several approaches of structure-guided
investigation of missense variations and the lessons learnt from these studies.

2.2.1 Bioinformatics Predictors

Following the identification of genetic variants, the next indispensable step is to
discriminate between pathogenic and benign variations. The sheer volume of
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genomic data, however, makes it too time-consuming and expensive to characterize
every missense variant experimentally. To this end, numerous bioinformatics
methods have been developed over the past decade to predict their molecular
effects, and thus help prioritize a set of variants to be studied functionally.
A number of excellent reviews on the available computational tools have been
published recently ([24-26] and references therein for programs described
below). Many prediction tools are implemented as online servers, taking an input
sequence, and applying various algorithms to sort and score mutations by their
pathogenicity. Structure-based algorithms, which identify a structural match to the
input sequence and analyze the contributions of the variant amino acid to protein
structural properties such as electrostatics, inter-residue contacts, and steric effects
[27], are increasingly incorporated into prediction servers. They serve as comple-
mentary approaches to the sequence-comparison programs (e.g. SIFT, Panther and
PhD-SNP) that are based on the premise that disease-causing mutations are gener-
ally concentrated at conserved amino acids with critical roles in protein structure
and function [28]. Nowadays, many prediction methods combine both structural
information and sequence conservation to improve their prediction performance
and accuracy (e.g. nsSNP Analyzer, PolyPhen-1/2, SNAP, SNP&GO and SNPs3D).
An emerging trend is to utilize multiple sets of prediction programs and servers to
increase confidence in interpreting the predictions, since different algorithms use
different information and have their own strengths and weaknesses. Currently there
is an urgent need for standard classification as well as unbiased and statistically-
relevant comparisons among the various programs, an active area of bioinformatics
research [29, 30].

2.2.2 In Silico Structural Analysis

Protein structure analysis offers a promising avenue to study the molecular
consequences of missense variants, by revealing the atomic environment sur-
rounding the mutation site in silico. The most direct approach is by experimental
structure determination of the protein in its mutant form if it can be expressed
recombinantly and purified. This, however, often proves difficult, in part due to
unstable conformations of the mutant proteins that lead to their intracellular
degradation. Indeed, three-quarters of disease-associated missense mutations are
postulated to destabilize the protein as their primary functional defect [12, 31].
Therefore, although thousands of proteins involved in different biological pathways
and functions have been structurally characterized, only a very small proportion of
these structures represent proteins inclusive of a disease associated mutation.
Recent structure examples falling into this category include the ryanodine receptors
RyR1 and RyR2 [32], FGFR2 tyrosine kinase domain [33] and glycogenin GYG1
[34]. As structural determination of mutant proteins often proves intractable, the
alternative is to “model” the missense variation onto the wild-type structural
environment, by fitting the new amino acid side-chain into the substitution site.
The modeled amino acid is inspected visually using molecular graphics software,
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such as PyMOL (Schrodinger, LLC.), Swiss-PDB viewer (Swiss Institute of Bioin-
formatics, Basel) and ICM (Molsoft, La Jolla), with particular attention paid to
identifying the most acceptable side-chain conformation, from a library of allowed
side-chain rotamers, that results in minimal steric clashes. This structure model is
then subjected to refinement and energy minimization to yield an overall stabilized
conformation.

The available mutant model, either from experimental methods or mutation
modeling, can then be analyzed in silico to assess the impact of the amino acid
substitution on a number of structural properties. These include possible changes in
secondary structure elements, solvent accessibility, packing of neighbouring atoms
and inter-atomic/inter-protein contacts, many of which can be examined using
online tools ([24] and references therein). The in silico observations allow
hypotheses about the molecular nature of the mutational defects to be made, and
subsequently tested using a variety of biophysical and biochemical assay methods.
Oligomeric state of the protein, for example, may be assessed by native gel
electrophoresis, size-exclusion chromatography (SEC), analytical ultracentrifuga-
tion, or dynamic light scattering [35, 36]. Secondary and tertiary structure contents
may be assessed by far-UV circular dichroism (CD) [37]. Protein unfolding may be
monitored by chemical or thermal denaturing detected with far-UV CD or fluores-
cence [38]. Functional interactions with protein partners can be determined using
co-immunoprecipitation followed by Western blot and SEC [39]; thermodynamics
of protein binding to ligand or peptide can be determined via isothermal calorimetry
(ITC) or surface plasmon resonance (SPR) [40]. Enzymatic catalysis and
Michaelis—Menton kinetics can be measured if an assay specific to the protein of
interest is available [33, 41]. The above list is non-exhaustive, as there are many
options to examine every aspect of a protein’s functional properties in the labora-
tory. Regardless of the approach(es) chosen, however, it is important to compare
the results obtained with the mutant protein against that of wild-type before
interpretations are made. It is also important to complement in vitro observations
with in vivo studies to comprehend fully the physiological consequences, for
example by introducing the variants into the relevant cell lines or genetically
engineered animal models.

2.3 The Structural “Rule-Book” Governing Missense Variations

In the following section we review examples illustrating how a structural analysis
of the atomic environment surrounding the variant residues, complemented with
biochemical and biophysical studies, can be used to attribute deleterious pheno-
types to different molecular effects. Together, these examples allow us to formulate
a set of “structural rules” to help predict the likely deleterious effects of a missense
variation, and can serve as an important toolkit for clinicians and geneticists who
need to assess the disease relevance for any newly-identified variations.
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2.3.1 Disrupting Protein Fold and Architecture
Phenylketonuria as a Paradigm of Misfolding Diseases

Computational analysis of disease causing variations predicts that ~75% of
mutations lead to protein destabilization, while only 7% directly affect biochemical
function, suggesting that, for many monogenic diseases, a change in protein
stability is the major contributor to disease pathology [12, 31, 42] and giving rise
to the concept of misfolding diseases [43]. A classic example of a misfolding
disease is phenylketonuria (PKU; OMIM 261600) caused by destabilizing
mutations in phenylalanine hydroxylase (PAH). PKU is the most common inborn
error of amino acid metabolism (incidence of ~1 in 15,000) with more than 500
deleterious mutations reported, 60% of which are missense mutations scattered
across the polypeptide [44]. The majority of mutations result in enzyme forms with
reduced stability and a propensity to aggregate, resulting in protein degradation and
turnover [45]. To understand how these mutations lead to a misfolded state, the
available crystal structures have served as excellent tools to scrutinize the atomic
environment of the missense mutation sites [46, 47] and to correlate between
genotypes and phenotypes [48—50].

A common cause of destabilizing mutations is a structural perturbation to the
protein core by a number of molecular mechanisms, depending on the nature of the
original wild type and mutant residues. (1) Mutation of a large buried residue to a
small one will create an unfavourable solvent cavity within the core, with larger
cavities resulting in greater destabilization [51]. In PAH, mutations of buried
phenylalanines (F39L, F55L, F372L), valines (V177A, V190A, V245A) and
leucines (L255V, L348V) to smaller residues are commonly found (Fig. 2a).
(2) The reverse of the above is also true. Mutations of small residues to large
ones require the protein to accommodate bulky side-chains by disturbing the
surrounding packing and secondary structure arrangements. Examples in PAH
include a number of alanine-to-valine substitutions (A47V, A246V, A259V,
A403V) (Fig. 2b). (3) Mutations of non-polar residues within a hydrophobic
environment to polar residues may also destabilize a protein because of the ther-
modynamic penalties incurred on the unbonded polar group. These include
mutations of isoleucine to serine (194S) or threonine (1164T, 1174T) or mutations
of leucine to serine (L48S, L255S) (Fig. 2¢). (4) Finally, mutations of polar and
charged side-chains to hydrophobic ones may remove important stabilizing
contacts (e.g. electrostatic or hydrogen-bonding interactions). This is especially
true of arginines, such as Arg241 (R241C, R241H) and Arg252 (R252G, R252Q),
R252W) in PAH (Fig. 2d).

In contrast to core residues, very few protein destabilizing mutations reside on
the protein surface, as they can often be substituted with little effect [S1]. However,
there are exceptions if the mutation disrupts a hydrogen bond or electro-
static interaction at the surface (e.g. D84Y, R176L, R413P mutations in PAH)
(Fig. 2e), or if the mutation affects the functional oligomeric state. To this end, PAH
forms a tetramer, and mutations that interfere with its tetramerization, e.g. the
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Fig. 2 Structure of human phenylalanine hydroxylase PAH. The tetrameric architecture of PAH
(PDB code 2PAH) is shown with one of its monomer subunits coloured in green. Six regions of the
PAH monomer are highlighted in panels a—f to illustrate the different molecular mechanisms that
can govern a destabilizing missense mutation. These include (a) mutation of larger to smaller
residues; (b) mutation of smaller to larger residues; (¢) mutation of nonpolar to polar residues in
hydrophobic core; (d) mutations of polar to nonpolar residues; (e) mutation of surface polar
residues; and (f) mutations of residues involved in the oligomerization interface

single most common PKU mutation, R408W, which results in the loss of an inter-
subunit hydrogen-bond (Fig. 2f), causes improper oligomeric assembly and hence
reduces stability [47].

“Special” Residues: Glycine, Proline and Cysteine

Amino acids such as glycine, proline and cysteine often impart certain structural
constraints on the protein, and their substitutions can be deleterious. Proline, with
its cyclic side-chain, restricts the protein backbone conformations. Therefore,
mutations to proline often distort the native backbone conformation, and interrupt
the a-helix or B-sheet in which the mutated amino acid resides. The L166P mutation
in the DJ-1 protein, located in the middle of helix o7 in its crystal structure (Fig. 3a),
is one of the most deleterious missense mutations linked with early onset
Parkinson’s disease. A combination of NMR, CD and molecular dynamics studies
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Fig. 3 Defective protein functions due to missense mutations. Where applicable, the site of
mutation described in the text is coloured red. (a) Human DJ-1 protein (PDB code 1PDV). Two
monomeric subunits (green, yellow) are shown. (b) Collagen-like peptide (ICAG) in a triple helix
conformation. Glycine residues are shown in sticks. (c¢) Structure of Factor VIII C2 domain (11QD)
that is homologous to retinoschisin highlights the highly-conserved disulphide bond (Cys63—Cys219
in retinoschisin). (d) Structure of FGRF?2 tyrosine kinase domain in wild-type (1GJO, white) and
A628T mutant (3B2T, green). (e) Structures of human glycogenin-1 show that the conformational
movement of lid a4 in the wild-type (3T70, fop) is forbidden in the T83M mutant protein (3RMW,
below). (f) Aldolase B in the wild-type (1QOS, white) and A149P mutant protein (1XDM, green).
(g) Spermine synthase (3C6K). The G56S mutation is located at the dimer interface (yellow,
green). (h) Myosin MyoVlIla (green) in complex with SAN protein (yellow) (3PVL). (i) SDELIN
protein (1H3Q) with the site of missense mutations disrupting transcription factor binding shown
in red sticks

have shown that the L166P substitution causes DJ-1 to lose a-helical content and
leads to global structural destabilization. Since helices o7 and o8 engage in
numerous inter-molecular contacts, the mutant is also incapable of functional
dimer formation [37].
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With the absence of a side-chain, glycine is the smallest of all amino acids and
possesses conformational properties and freedoms inaccessible to other amino
acids. Therefore, substitutions from glycine can be debilitating to protein stability
and folding. The major structural component of skin, bone and tendons is type I
collagen, where two ol and one o2 protein chains are tightly packed in a
heterotrimer. The intermolecular interface is mediated by many Gly-x-y sequence
repeats from the three chains, forming a triple helix conformation that is essential to
collagen structure and function (Fig. 3b). Many missense mutations substituting a
single glycine to larger residues are known to cause the brittle bone disease
osteogenesis imperfecta (OMIM 166200), with disease severity dependent upon
the size of the mutant amino acid [52]. Another example involves a Gly-to-Asp
mutation at the hairpin turn of glycogen phosphorylase, which causes glycogen
storage disorder type VI [53].

Cysteine is unique among amino acids in its ability to form inter-residue
disulphide bonds that are often critical to maintaining the protein fold. There-
fore substitution of a cysteine involved in disulphide bond formation, or to a
cysteine that yields an unnatural disulphide bond, may disrupt protein structure.
Retinoschisin (RS), a photoreceptor and bipolar cell secreted protein, forms a large
disulphide-linked multisubunit complex. At least 25% of the >125 known RS
mutations result in the loss or gain of a cysteine and cause X-linked juvenile
retinoschisis (OMIM 312700). A combined biochemical and modeling study
showed that among the disease causing mutations, C142W and C219R re-
sulted in the breakage of intra-subunit disulphide bonds (Cys110-Cys142 and
Cys63—Cys219, respectively) (Fig. 3c), while C59S and C223R abolished an
inter-subunit disulphide bond (Cys59—Cys223) [54], hence providing a molecular
explanation to how these mutations lead to misfolded protein, defective subunit
assembly and aberrant subcellular localization.

2.3.2 Disrupting Protein Functions

While less prevalent than destabilizing mutations, an amino acid substitution can
lead to the specific loss, or diminishing, of a protein functional property, such as
catalysis, protein—protein interactions, and oligomerization. A number of recent
structure examples that are complemented with functional studies are described
below.

Affecting Enzyme Catalysis

Mutations in the tyrosine kinase domain (e.g. A628T) of fibroblast growth factor
receptor 2 (FGRF2) cause lacrimo-auriculo-dento-digital syndrome (OMIM 149730).
Ala628 is a highly conserved residue in the active site catalytic loop. The crystal
structure of FGFR2 ¢ mutant protein reveals that substitution of Ala628 to a
more polar and bulky threonine residue alters the configuration of key residues in
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the active site that are involved in tyrosine substrate binding [33]. For example, the
side-chain of Arg630 has been shifted 160° away (Fig. 3d) and cannot coordinate
with the substrate. This observation is supported by activity assays showing weak-
ened substrate binding and severely impaired tyrosine kinase activity [33].

A new form of glycogen storage disorder (GSD15; OMIM 613507) has recently
been identified with genetic defects in glycogenin (GYG1), a glycosyltransferase
that catalyzes the initiation of glycogen synthesis. The complete structural
snapshots of GYG1 along its catalytic cycle have been provided by X-ray crystal-
lography and show a substantial “lid” movement that closes the active site for
catalysis [34]. The disease-linked mutation T83M incorporates a bulky Met side-
chain into the mobile “lid” region and prevents the essential movement, as revealed
in the mutant protein structure (Fig. 3e). As a result, the glycosyltransferase activity
of GYGlrg3y is completely abolished.

Disruption of Quaternary Structure

Hereditary fructose intolerance (OMIM 229600) is caused by mutations in aldolase
B, the most prevalent being A149P. The mutant protein structure shows that the
A149P substitution disrupts the B-strand element at the mutation site, abolishes a
salt-bridge at the adjacent Glu148 residue (Fig. 3f) and also produces a distal effect
causing disorder in the 110-129 loop at the dimer—dimer interface [55]. This offers
an explanation as to why the mutant protein exists as a solution dimer, and cannot
form the homotetramer essential for its catalysis [35]. This study also nicely
elucidates the long-range structural perturbations caused by a single amino acid
substitution, an observation which would not have been elucidated by modeling a
mutant side-chain onto the wild-type structure.

Genetic defects in spermine synthase (SMS), an enzyme converting spermidine
to spermine, cause the X-linked disorder Snyder—Robinson Syndrome (OMIM
309583). The crystal structure of SMS reveals that the protein is a homodimer,
with the G56S disease mutation lying close to the dimeric interface (Fig. 3g). Any
side-chain incorporated at this position is postulated to protrude towards the
opposite subunit and disrupt dimer stability, a hypothesis supported by native gel
analysis showing the absence of dimer formation in the mutant protein [36].

Disruption of Protein—Protein Interaction

Mutations in the myosin protein MyoVlIla, part of a complex network of proteins in
the stereocilia of the inner ear, cause syndromic deaf-blindness (OMIM 276900).
A recent structural determination of the MyTH4-FERM tandem domain of
MyoVIla in complex with its protein binding partner Sans reveals that the
Glu1349 mutation site on MyoVIla forms direct interaction with Sans (Fig. 3h),
and as a result a single E1349K substitution is responsible for a 20-fold reduction in
binding affinity towards Sans, as measured by ITC [40].
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Four missense mutations on the SDELIN protein, a subunit of the endoplasmic
reticulum Transport Protein Particle complex, are known to cause the X-linked rare
bone disorder spondyloepiphyseal dysplasia tarda (OMIM 313400). Three of these
mutations (S73L, F83S and V130D) are located in a hydrophobic pocket (Fig. 3i)
that is proposed to function as a binding site for transcription factors such as MBP1,
PITX1 and SF1, on the basis of the SDELIN crystal structure. Yeast two-hybrid
studies have confirmed that these three mutations indeed resulted in a loss of
protein—protein interactions [56].

2.3.3 Hot Spot Regions

In addition to visualizing the atomic environment of individual mutation sites, as
detailed in Sects. 2.3.1 and 2.3.2, structure analysis can also be employed at the
whole protein level, for instance, to map all known variations onto the protein 3D
structure and identify “hot spot” regions that harbour a high frequency of missense
variations. Hot spot mapping can provide insight into phenotype—genotype rela-
tionship of mutations in a 3D structural context, and assist in disease diagnosis, for
example, by focusing screening efforts on selected mutation-prone regions instead
of over an entire gene, most of which may harbour no known mutations. Hot spot
mapping can also help generate new conclusions about protein functions and
evolutionary mechanisms such as mutability and selection pressure of different
mutations by illustrating which regions of a protein can tolerate amino acid
variations and which regions are intolerant. A classic example of hot spot identifi-
cation is with the most commonly mutated cancer gene, TP53 (p53). In p53, an
overwhelming majority of its somatic missense mutations are clustered into a loop-
sheet-helix region of the DNA-binding domain (Fig. 4a) [57]. These mutations
generally disrupt the DNA binding interface and hence mutant proteins are defec-
tive in sequence-specific DNA binding [58].

More recent examples of hot spot mapping can also be found in the literature.
Mutations on the ryanodine receptors RyR1 and RyR2 (cf. Sect. 2.2.2) that lead to
skeletal muscle disorders are concentrated in a highly basic loop (Fig. 4b) and have
been found not to affect protein stability, but rather to disrupt the protein—protein or
domain—domain interface [32, 59]. In another example, 15 missense mutation sites
on dyskerin, the catalytic subunit of the Box H/ACA ribonucleoprotein particles,
have been identified to cause a bone marrow failure called X-linked dyskeratosis
congenita (OMIM 305000). The recently determined structure of the yeast homo-
logue Cbf5 reveals that these mutations are all located in a 32-residue N-terminal
extension (Fig. 4c) that forms an additional layer to the well-characterized RNA-
binding PUA fold, a structural feature not found in archaea, and may function in
protein—protein binding [60]. Within our group, we have mapped 55 known mis-
sense mutations causing fumarate hydratase deficiency (OMIM 606812) onto its
human protein structure [61] and identified two hot spot regions, one clustering
around the active site and the other affecting intra- and inter-subunit interactions.
To aid further investigation by interested doctors/researchers, the online version of
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Fig. 4 Structure mapping of mutation hot spots. Mutation sites are shown in either red sticks or
spheres. (a) p53 central domain in complex with DNA (PDB code 1TSR); (b) ryanodine receptor
type 1 N-terminal domain (3HSM); and (c) yeast Cbf5 structure that is homologous to human
dyskerin (3U28). The eukaryote-unique N-terminal extension (loops 1 and 3) is coloured blue

this article is accompanied with a web-based molecular viewer, allowing the reader
to navigate the hot spot regions and each individual mutation along the protein
landscape, in an interactive manner [62].

2.3.4 Lessons from Large-Scale Structural “Catalogues”

Taking advantage of the rapidly growing genomic and structural data, there are now
efforts being made to catalogue missense variants on a large scale using vast protein
datasets. Some of these efforts have focused on disease relevant protein families,
such as kinases. For example, Lahiry et al. [63] used structural analysis of kinase
mutations to correlate their locations on the protein to disease states. They observed
that: (1) neutral mutations/polymorphisms, those that did not tend to cause disease,
generally clustered in the C-terminal regions of the catalytic core, a region thought
to have a basic structural role; (2) germline disease causing mutations, which cause
metabolic disorders or loss-of-function developmental disorders, tended to cluster
in the catalytic core in sites involved in regulation and substrate binding, as well as
in protein—protein and allosteric interactions; (3) cancer causing somatic mutations
were concentrated around the ATP binding and catalytic residues, directly influenc-
ing catalysis and resulting in the activation of oncogenes or deactivation of tumour
SUppressors.

Other studies have employed large datasets of missense variations spanning
different protein families in order to detect any trends, consensus or “rules”
which dictate whether certain types of amino acid changes will result in neutral
polymorphisms or pathogenic mutations [64, 65]. These large-scale studies have
generally arrived at the conclusion that pathogenic variants are more likely located
in solvent-buried core regions, conserved residue positions, residues that contribute
hydrogen bonds and those that alter more dramatically the physico-chemical
properties of amino acids [64, 65]. Khan et al. [66] also looked at the distribution
and frequency of pathogenic variations and found that arginine and glycine are the
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most mutated residue types, while overall mutability (i.e. the likelihood of being
introduced in missense variations) is highest for cysteine and tryptophan. Using
similar approaches, Hurst et al. [65] found that mutations of glycine, cysteine and
tryptophan were more likely to be pathogenic than others, confirming results from
previous small-scale studies. They also provided online access to their large
database of structurally-mapped missense variations (www.bioinf.org.uk/saap/db).
Taken together, these proteome-wide structure-based mutation analyses will con-
tinue to help us formulate better rules for our prediction of whether an uncharac-
terized amino acid variation will be pathogenic or not, thereby improving disease
diagnostics in the future.

3 Protein Structure Analysis in Drug Development

3.1 Structural Biology and Target-Centric Drug Development

The opportunities presented from the post-genome era have also transformed
rapidly the field of drug development. We are now made aware of the unprece-
dented number of potential therapeutic proteins, estimated in one study as reaching
10% of the predicted coding regions in the human genome (i.e. ~3,000 proteins)
[67]. On the other hand, the current FDA-approved drugs target only a small
number (~300) of human proteins or proteins from other pathogenic organisms
[68-70]. This has made a fundamental impact in the direction of biomedical
research in steering towards a more target-centric approach to bridge this gap.
The main focus in this approach is to identify therapeutically-relevant drug targets
that meet the double criteria of being disease-linked i.e. it has a causative role in the
onset and/or progression of a disease, and being druggable i.e. it can be bound and
modulated by a small molecule.

At the same time, the current field of drug development is facing tremendous
challenges with ever-increasing research and development costs (reaching in some
estimates up to $2 billion per drug [71]) and high attrition rate along the entire
pipeline [72], where many potential projects fail through the early stages of hit
identification and optimization to lead. As a result, the pharmaceutical industry is
under continuous pressure to look for novel, high confidence disease targets and
alternative drug design approaches. Amenable to the target-centric approach while
having potentials in addressing some of the challenges in the pharmaceutical
industry, the field of structural biology has been playing an increasing role in
drug development, particularly at the early stages (“drug discovery”). Today,
using structures to identify new lead compounds and as a basis for rational drug
design is an integral part of many a drug development project.
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3.2 Early Structural Applications in Lead Optimization

Before the technological advances in the past decade that have made protein structure
determination faster and more cost-effective, the use of structure information in drug
development in the 1980s and early 1990s has been confined to the lead optimization
stage, in directing the chemical alterations of initial compound hits to improve their
affinity, potency and selectivity. In this process, the protein structure of interest is
determined in complexes with lead compounds identified from a high throughput
screening (HTS) campaign, accomplished either by co-crystallizing the protein solu-
tion pre-incubated with the lead molecule, or by soaking pre-formed crystals of the apo
protein with the ligand solution. The determined structure of the protein—ligand
complex reveals the modes of interaction between the protein and ligand at the atomic
level, e.g. short-range interactions such as hydrogen bonds, salt bridges, and hydro-
phobic contacts, the distances between the various interacting groups and atoms, and
the presence of water molecules at the protein—ligand interaction site. This informa-
tion is used to guide further iterative rounds of chemistry optimization and
protein—ligand structure determination to establish a structure—activity relationship.

The first marketed drug developed via this structure-based approach was captopril,
an inhibitor for angiotensin converting enzyme for the treatment of hypertension and
congestive heart failure. This drug was designed in the mid-1970s on the basis of the
homologous carboxypeptidase A protein which had been structurally characterized at
the time [73]. Today, structure-based design approaches have delivered drugs to the
market for a wide range of diseases, including retroviral [74, 75], glaucoma [76],
influenza [77, 78] as well as cancer [79, 80] (Fig. 5). With advances, particularly in
crystallography, the timeframe of protein structure determination is now sufficiently
short to be amenable for many other stages of the drug discovery pipeline. As a result,
the tools of structural analysis that were traditionally used in lead optimization are now
being exploited to assist the processes of target identification, assessment of target
druggability, and hit identification (Fig. 6), as outlined below.

3.3 Use of Structures in Target ldentification

An early consideration in the target-centric approach of drug discovery is to identify
and prioritize therapeutically-important proteins in the genome. Obtaining struc-
tural information at this stage, in the apo- or relevant liganded states of the protein,
is an important milestone in target identification. High resolution atomic structures
of many therapeutic targets are now available in the public domain, including
kinases (e.g. AMPK [81]), viral proteins (influenza polymerase [82]), cytochrome
P450 [83], metabolic enzymes (acetyl-CoA carboxylase [84]) and G-protein cou-
pled receptors (f1-adrenergic receptor [85]). This unprecedented wealth of struc-
ture information helps establishing sequence—structure—function relationship and
assessing potential ligand-binding capabilities, and is now part of the essential
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Fig. 5 Examples of structure-based drug design. FDA-approved drugs that have been derived
from structure-based approaches. For each drug, its generic name, chemical structure, protein
targeted and disease area applied is shown (references in the main text). CML chronic myeloid
leukaemia; EGFR epidermal growth factor receptor

toolkit to complement in vivo target validation experiments (e.g. RNA interference
screens, animal models, gene knockouts). The increase in available structures in the
PDB also spurs the development of computational methods combining sequence
and structural information to probe biological functions [86].

It is with the technological advances in structural biology that the field of
“structural genomics” (SG) was born, to determine systematically 3D structures
of proteins encoded in a genome primarily by crystallography and NMR. The
overall objectives are to provide a structure coverage of the “protein universe”
[87], to help define protein functions that cannot be predicted from sequences alone
[88], and to facilitate the discovery, as well as selection, of genomic targets for
drug therapy [89]. A number of large-scale SG efforts have emerged over the past
10 years, including RIKEN in Japan (www.riken.co.jp), Structure Proteomics in
Europe (SPINE, www.spineurope.org), the Structural Genomics Consortium based
in UK, Sweden and Canada (SGC, www.thesgc.com), as well as the Protein
Structure Initiative in USA (PSI; www.nigms.nih.gov/psi). While sharing similar
high-throughput methodologies and open access policy to their data, these SG
initiatives differ in their scope and criteria for their target selection. A number of
SG initiatives (e.g. PSI, RIKEN) aim to explore the novel protein folds that cannot
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Fig. 6 Modern day structure-guided drug discovery. Protein structure analysis is nowadays
incorporated into all early stages of drug development, including (a) target identification;
(b) assessing binding site druggability; (c) hit identification, and (d) lead optimization. Example
shown is from the chemical probe program at the Structural Genomics Consortium to develop
small molecule binders for the family of histone-binding bromodomains (cf. [93] in main text)

be predicted from sequence [90], and subsequently leverage structure completeness
of a genome by homology modeling of the remaining homologous proteins. Other
SG programs take a biology-driven avenue, placing the emphasis more on medical
relevance. For example, the Tuberculosis Structural Genomics Consortium [91]
adopts an organism-based approach focusing on the obligate human pathogen
Mycobacterium tuberculosis. To date nearly 10% of all proteins from the pathogen
have been structurally characterized [92], which unravel a number of previously
unannotated proteins as potential anti-tuberculosis targets. The human proteome-
focused SGC studies protein families with therapeutic importance such as kinases,
phosphatases and metabolic enzymes [93, 94]. These studies reveal structure—-
function relationships between family members with regards to active site and
substrate specificity (Fig. 6a), and emphasize their application to develop
member/family-specific chemical probes and inhibitors [95].

3.4 Use of Structures in Assessing Druggability

3.4.1 Binding Site Detection

With the structural information of potential therapeutic targets made available, the
next step in drug discovery is the identification of binding sites that are receptive to
small molecule binding (Fig. 6b). The large repertoire of protein—ligand complexes
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in the PDB has provided a structural view of a ligand binding site to be a small
pocket or invagination on the protein, accessible to the surface exterior, where
ligands can fit to mediate a biological function. This pocket should harbour amino
acid side-chains that contribute to hydrogen bonds and hydrophobic contacts. Based
on these concepts, a number of pocket identification software have been developed
to detect binding sites on the protein structure, adopting two general approaches
(see [96] and references therein). The geometry-based methods (e.g. SURFNET,
LIGSITE) look for geometrically-complex regions on the protein as natural binding
sites tend to be concave surface invaginations. The probe/energy-based methods
(e.g. GRID, AutoLigand, ICM) calculate the interaction energy between a probe
molecule and protein at different point locations to define regions with favourable
interaction energies.

A thorough understanding of the binding pocket space helps not only to assess its
potential for drug binding but also to annotate functionally under-characterized
proteins (i.e. de-orphanization). For example, delineating residues involved at the
ligand binding site can stimulate site-directed mutagenesis experiments to probe
their catalytic or regulatory roles. Structural characterization of binding sites also
reveals the ligand-induced conformational changes on the protein target, which can
range from small side-chain adjustment to whole-domain rearrangement [97].
Binding pockets are therefore not static sites as revealed in a structural snapshot,
but dynamic regions important for the protein function. The conformational plas-
ticity of the ligand binding sites needs to be addressed during structural analysis and
drug design.

3.4.2 Druggability Index

The next step following pocket detection is an evaluation of whether it has the
shape and chemical complementarity to accommodate high-affinity, drug-like
molecules. This likelihood prediction of drug binding (“druggability”) is crucial
to target selection in drug discovery, with the hope of screening out unlikely
candidates at an early stage. The emerging concept of protein druggability [98]
is an extension to the “drug-likeness” rule-of-five for small molecules that
attributes good oral bioavailability of drug compounds to certain favourable
physico-chemical parameters [99]. Research groups are developing tools to
predict druggability and quantify it in a “druggability index” using different
structure-based metrics. Some correlate druggability with hit rates obtained from
NMR screening of small fragments [100], whereas others base their predictions
on binding affinity calculations [101] or on comparison of binding sites between
different proteins/families that bind the same ligand to identify hot spot
residues [102]. Druggability indices are especially useful in identifying non-
native small molecule binding sites such as between protein—protein interaction
surfaces [103].
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3.5 Use of Structures in Hit Identification

A therapeutic protein that satisfies the criteria of disease linkage and druggability
can enter the pipeline of a drug discovery program to identify hit compounds that
bind the target and exert an effect. Traditionally this has been achieved by HTS
[104]. In this approach a vast library collection of physically available compounds,
accumulated by large pharmaceuticals over many years of research, isolated from
natural sources or synthesized from combinatorial chemistry, is experimentally
tested on the protein target using a high-density assay that measures either binding
to or biochemical modulation of a protein. The aim is to identify compounds with
ICs( values better than, e.g. 10 uM for further hit-to-lead optimization. The power
of HTS relies on the implementation of a robust and sensitive assay and the
interrogation of a vast compound collection, both requirements consuming signifi-
cant resources in materials, time and manpower. Its success in generating hits also
depends upon target classes, robustness of the assay and propensity to deliver false
positives [105]. With these challenges under consideration, novel approaches
continue to be explored as complement to the HTS method in hit discovery. In
particular, in silico methods exploiting structural information of the binding pocket
space are being widely explored. To this end, three structure-based approaches,
namely virtual screening, de novo design and fragment-based screening, are
gaining promise and are nowadays incorporated into almost every drug discovery
project (Fig. 6¢).

3.5.1 Virtual Screening

Virtual screening (VS) is often considered as the computational alternative to
the classic HTS, hence its alias “virtual HTS” (see [106] and references therein).
VS interrogates large chemical libraries in silico, often available as public com-
pound databases, to predict their binding mode and affinity towards the protein
structure. The prediction is based on docking calculations and generally involves
two steps. First, every compound in the library is individually placed onto the
protein pocket to generate different conformations and orientations (“‘poses’”) by
sampling through the pocket space, taking into account ligand and protein flexibil-
ity at the pocket. Second, the binding modes between target and the ligand in its
different poses are evaluated by a scoring function, and subsequently ranked to
identify binding hits from the highest-scoring ligands and poses.

A rigorous scoring function is crucial to a VS campaign, so that it allows proper
enrichment of true compound hits among the top ranking scores. Many scoring
functions are developed, taking into account the interaction energies between
ligand and protein (“force field-based”) or statistical observations from experimen-
tally derived protein—ligand structures with the basic premise that true hits share
common protein-ligand interactions (‘“knowledge-based”). Nowadays a variety of
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docking software is available (e.g. DOCK, GOLD, AutoDock; see [106, 107] and
references therein), each incorporated with different scoring functions. Current
challenges in the docking tools include the need to improve scoring function accu-
racy, to take into account the various protonation, tautomerization and ionization
states of compounds, and to predict ligand-induced protein conformations [107].

The strength of the structure-based VS approach is attributable to its capability
to screen large databases (e.g. millions) of compounds with minimal computational
power, more quickly and less expensively than HTS. Successful VS examples in hit
identification include the development of EGFR inhibitors towards cancer cells
[108], cysteine protease inhibitors of the SARS virus [109], and dihydroorotate
dehydrogenase (DHODH) inhibitors towards rheumatoid arthritis [110]. The
approaches of VS and HTS, with their mechanistic parallels, can also complement
each other and have been applied side-by-side on the same drug development
project [111] to facilitate hit identification.

3.5.2 De Novo Ligand Design

Structural knowledge of the binding pocket space can also guide the building of
novel lead compounds from scratch [112, 113]. This de novo approach of drug
design is not constrained by the known chemical structures from existing
compounds, opening up the possibility of developing novel chemotypes [114].
The most common strategy is receptor/target-based de novo design, using a priori
structural information of the target protein and its binding pocket. In this strategy,
small building blocks (known as seeds or fragments) are positioned onto key
interaction regions within the pocket, either by computational docking (as in
Sect. 3.5.1), or recently by experimental methods such as crystallography and
NMR (see Sect. 3.5.3). Each fragment can then be extended towards the
neighbouring available space to build a lead compound that matches the binding
pocket sterically and electrostatically (“growing” approach). Alternatively, multi-
ple fragments bound independently at different but proximal regions of the pocket
can be assembled into a lead compound using linker scaffolds (“linking” approach).
A number of de novo drug design projects have yielded potential compound hits.
For example, Heikkila et al. [115] exploited a species-specific hydrophobic ligand
pocket on the Plasmodium falciparum DHODH protein to design potent parasite-
specific compounds with an ICsy value of 43 uM. Ni et al. [116] developed
inhibitors for the peptidylprolylisomerase cyclophilin A with ICs, values of
31.6 nM, with potentials as immunosuppressive agents. An important caveat of
de novo design is that it often generates complex ligands with poor synthetic
accessibility and pharmacokinetic properties. This is being addressed by software
development to place emphasis on generating drug-like, synthetically-possible
compounds.
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3.5.3 Structure Based Fragment Screening

The X-ray and NMR methods of structure determination have also played a crucial
role in a paradigm fragment-based screening approach [117]. Its premise is to screen
experimentally hundreds to thousands of small compounds (usually between
100-300 Da in size) in order to identify low-affinity fragments (K4 in high pM
range) that bind to different regions of the binding pocket, as a starting point for hit
optimization. The subsequent optimization of fragment hits into a single hit com-
pound can be rationalized, as in the de novo method, by the “growing” and “linking”
processes. The concept of starting with small fragments is an appealing alternative to
the conventional HTS attempts, with a number of merits. Fragments with their
relatively small sizes and low complexity have been shown to provide higher hit
rates than larger drug-like compounds from conventional screens [118], and can be
optimized more efficiently. Fragments also allow a broader, more efficient sampl-
ing of the chemical space using a much smaller set of compounds (e.g. 100 fragments
are equivalent to a 1,000,000 combinatory library) [114].

The relative weak binding of fragments (e.g. ~100 uM to 10 mM against target
protein), which may be missed by a conventional HTS assay, can be experimentally
determined by crystallography, NMR and other biophysical methods such as surface
plasmon resonance [119, 120]. With inherently higher hit rates and the likelihood of
multiple binding modes for a fragment hit, it is necessary to have its binding mode
characterized from crystallography or NMR to allow hit-to-lead compound design.
In particular, crystallography with its low-cost, high-throughput implementation is
well attuned to fragment-based screening, allowing fast structure determination of
protein-fragment complexes (Fig. 6d). A recent survey showed that 15 selective and
potent inhibitors generated from fragment-based screening entered the phase I or 11
clinical trials. Examples include inhibitors for matrix metalloproteinase [121], aurora
kinase [122], cyclin-dependent kinase 2 [123] and peroxisome proliferator-activated
receptor [124]. An excellent update on fragment screening success examples across
industry and academia was recently published [125].

4 Conclusion, Challenges and Future Perspectives

Over the past decade, the field of protein structural biology has responded to the
challenging demands presented in the post-sequencing era by two revolutionary
accomplishments. It has attained technological advances in the methods of structure
determination in order to streamline the gene-to-structure process in a parallel,
automated and miniaturized platform. Protein structures are now being solved by
numerous academic and industrial research groups worldwide, on a daily or weekly
basis. Structural biology has also broadened its scientific impact, successfully
transforming itself from mere providers of structure information into an essential
toolkit for molecular geneticists in the characterization and understanding of
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diseases, and for medicinal chemists to assist all stages of the drug discovery
process. With its continuing scientific contribution and technical improvements,
structural biology is more ready now than ever to offer promise in some of the
biological areas that have so far proven difficult (Sects. 4.1 and 4.2), and to open up
new exciting avenues for its applications (Sect. 4.3).

4.1 Studying Protein—Protein Interactions

A myriad of cellular processes are mediated by protein—protein interactions (e.g. in
signaling, metabolism, cellular structure and transport), often requiring the forma-
tion of multiprotein macromolecular machineries. A mechanistic understanding of
these biological processes therefore requires an examination of the protein
complexes at the molecular level. Experimental methods such as X-ray crystallog-
raphy, NMR and EM are now being used to complement biochemical and biophys-
ical methods such as yeast two-hybrid, immuno-precipitation and fluorescence
resonance energy transfer, to understand these interactions better. However, com-
plex structure determination remains challenging as compared to its single protein
counterpart, and often requires systematic mapping and delineation of the
interacting region to obtain co-purified and co-crystallized complexes [126, 127].
This substantial investment in time and effort is reflected by the number of protein
complex structures in the PDB being only one-sixth of single protein structures.
In the absence of co-crystal structures, in silico methods serve as a promising
alternative to generate complex structure models by protein—protein docking and
homology modeling, and will continue to attract considerable attention and
research due to their comparative ease of use [128]. The identification of druggable
protein—protein interactions that participate in diseases also represents an exciting
avenue in drug discovery. Targeting a protein—protein interface for small molecule
modulation is often considered less tractable than conventional single protein
targets, due to the large interacting surface and less pocket-like features. Neverthe-
less, over the years a number of protein—protein interaction inhibitors have been
developed, assisted by available structural information of both protein—protein
complexes and of individual proteins (e.g. interaction partners of interleukin IL-2,
B-cell lymphoma 2 Bcl-X; and human papilloma virus transcription factor E2;
[129] and references therein), and some are now entering clinical trials.

4.2 The High Hanging-Fruits of Membrane Protein Structures

In addition to multiprotein complexes, many classes of disease-associated and
therapeutically important proteins remain refractory to the current methods of
structure determination. Particularly in mind are the integral membrane proteins,
such as the family of G-protein coupled receptors (GPCR) that are predicted targets
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for ~30-50% of marketed drugs [68], and hence a major focus in pharmaceutical
research. However, due to intrinsic difficulties with membrane protein crystalliza-
tion, understanding GPCR structure and function has largely been achieved by
homology modeling approaches. Recent structural breakthroughs, e.g. in the use of
heterologous expression systems and in engineering mutations to stabilize proteins
for crystallization [130], have brought the current number of available GPCR
structures to six, an important increase, yet still in stark contrast to the total number
of GPCRs predicted in the human genome (>900). Nevertheless, the structure
determination over the past few years of a few highly-relevant GPCR drug targets
(e.g. B1- and P2-adrenergic receptors [85, 131], A2A adenosine receptor [132],
chemokine receptor CXCR4 [133] and dopamine D3 receptor [134]) has provided
hope for structure-based methods to be applied routinely in GPCR drug discovery.
These new structures offer promising opportunities for in silico compound screen-
ing and docking, and provide a diversity of available templates for homology
modeling which, until the day that routine membrane protein crystallization has
arrived, will continue to play a key role in leveraging structural coverage for this
protein family.

4.3 Combining Mutation Analysis and Drug Design:
Pharmacological Chaperones

An excellent example of combining the structural applications in mutation analysis
and small molecule design is found in the emerging field of pharmacological
chaperone therapy (PCT), a paradigm approach to treat inherited diseases that
affect enzyme stability and function, such as phenylketonuria (cf. Sect. 2.3.1) and
lysosomal storage disorders [135]. PCT involves the use of small molecules, often
active site inhibitors or substrate mimics of the native protein, to stabilize mutant
enzymes suffering from folding and trafficking defects. A great deal of ground work
and proof-of-principle studies has incorporated structural information in order to
establish the molecular basis of disease mutations and to identify those chaperone-
responsive mutations with potential for PCT. To this end, a small-molecule screen-
ing effort to identify stabilizing therapeutic agents to treat PKU has already yielded
two promising compounds for PAH stabilization [136]. Recently, crystal structures
for a number of lysosomal hydrolases (e.g. B-hexosaminidase B [137] and acid
B-glucosidase [138]) have been determined in complexes with pharmacological
chaperones identified from chemical screening, to provide atomic insights into their
modes of stabilization. The structure determination itself of these lysosomal
enzymes is no small feat due to their heavily-glycosylated nature. The stage is
now set for a systematic, structure-assisted approach in developing the next gener-
ation of chaperone compounds into clinical applications. The current work addi-
tionally reveals the potential of PCT as a general strategy to treat a wide range of
rare genetic diseases, many of which are being unraveled by the year, and illustrates
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how structural biology has suitably positioned itself within the translational
approach from bench to clinic.
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