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Introduction

The paradigm shift from genetics to genomics
was put in motion by a revolutionary study
that described sequencing of the entire
genome of Mycoplasma genitalium in a single
run on a Roche 454 instrument [58]. The
study revealed a highly parallel sequencing-
by-synthesis method capable of sequencing
25 million bases, at 99 % or more accuracy, in
a single 4 h run. Subsequently, several high-
throughput flow cell-based sequencing meth-
ods became commercially available from
[llumina (San Diego, California), Roche (454
Life  Sciences Corporation, Branford,
Connecticut), and Life Technologies

(Carlsbad, California). These developments
marked the beginning of a new era based
on next-generation sequencing (NGS).
Simultaneously, several sequence capture or
target enrichment methods were evolving to
improve the throughput and specificity of
sequencing technology [1, 6, 30, 37, 55, 74].
With the rapid development of these
advanced sequencing technologies, per-base
sequencing costs are declining drastically, to a
level at which almost complete resequencing
of the human genome is becoming affordable,
even in clinical settings [3, 57, 64, 87].
Nevertheless, the infrastructure require-
ments, analysis burden, and turnaround time
requirements involved in clinically interpret-
ing entire patient genomes for mutation
detection bear significant issues. Whole-
exome sequencing (WES), in contrast, which
interrogates the roughly 1 % of the human
genome that represents the entire coding
region and harbors 85 % or more of causative
mutations, is quite feasible and much more
affordable in a clinical setting.

The successful implementation of NGS
technology in clinical laboratories for diag-
nostic purposes began with gene panels
designed to specifically target and sequence
multiple genes related to a particular disor-
der. Soon several disease specific or pheno-
type specific gene panels became clinically
available [31, 40, 48, 51, 70, 98, 99, 101].
These included highly heterogeneous disor-
ders, such as congenital disorders of glycosyl-
ation (CDG), congenital muscular dystrophies
(CMD), limb girdle muscular dystrophies,
dilated cardiomyopathy, and mitochondrial

G.J. Netto and I. Schrijver (eds.), Genomic Applications in Pathology,

DOI 10.1007/978-1-4939-0727-4_16, © Springer Science+Business Media New York 2015

225



226 | Arunkanth Ankala, Madhuri R. Hegde

disorders, each with several subtypes of over-
lapping phenotypes and associated with a
large number of causative genes [2, 98].
Traditional molecular diagnostic approaches
for such diseases followed a sequential, Sanger
sequencing-based gene-by-gene analysis of
known disease-associated genes. However,
with the advent of NGS technologies and the
decline in per-base sequencing cost, the NGS
panel approach has become a significantly
cheaper and quicker option, available as a
single test. Subsequently, with the availability
of better sequence chemistries and easier
workflows, NGS technology moved into other
clinical arenas, including cancer diagnosis
[66], human leukocyte antigen locus charac-
terization [39, 81], and pathogen genome
sequencing for the purpose of evaluating resis-
tance [85]. Rapid identification of novel dis-
ease genes and the revealing locus and allelic
heterogeneity of inherited genetic disorders,
both Mendelian and complex, has established
WES as a comprehensive clinical test.

In this chapter, we discuss the various roles
of WES in clinical medicine and provide an
overview of how WES has transformed the
diagnostic outlook on genetic disorders. We
highlight the major successes and challenges
of implementing WES assays in clinical genet-
ics, concluding with a note on the future of
whole-exome assays.

Whole-Exome Sequencing:
Methodology

Exome Capture and Next-
Generation Sequencing

WES refers to sequencing of the entire
protein-coding region of the human genome.
This is achieved by parallel sequencing of all
targeted regions (exons) using NGS technol-
ogies. Irrespective of the manufacturer and
sequencing platform, the basic methodology
or principles involved in WES are similar
(Fig. 16.1). First, genomic DNA is fragmented
either by optimized sonication or by restric-
tion digestion to generate uniform libraries of
DNA strands. This fragmented DNA is then
enriched for protein-coding regions of the
genome (exons), using unique adapter liga-
tion chemistry that is proprietary to each

individual commercial manufacturer [18].
Adapter-ligated DNA fragments are captured
and amplified either on a solid surface (bridge
amplification on a glass slide) or in solution
(emulsion PCR on micro-beads). Finally, dif-
ferent massively parallel sequencing technol-
ogies are used to sequence all target DNA
regions and produce what are called sequence
reads, of different lengths, depending on the
technology used. Sequence reads are compu-
tationally aligned to a reference exome and
analyzed for sequence variations. The experi-
mental design allows for each nucleotide to
be represented in a large number of reads,
which is referred to as “read depth” or “cover-
age.” Variant annotation using analytical pipe-
lines helps filter false positives and
non-contributive calls to identify causal
mutations. WES therefore serves as a com-
prehensive method for rapid identification of
exonic mutations, such as missense, nonsense,
splice site, and small deletion and insertion
mutations (indels); however, detection of
copy number variations (CNVs) and struc-
tural variations (SVs) is still an issue.

Sequence Analysis and Variant
Detection

Massively parallel sequencing of the entire
exome generates terabytes of information.
Sorting through and making sense of such
massive volumes of data to identify causative
genes and mutations requires multistep bioin-
formatics analysis. Upon initial generation of
sequence base call files, they are converted
into the more commonly used FASTQ file
format for storage and later analysis [18].
Several open-source and in-house-developed
software programs can be used to align
sequence reads to a best-match location of a
reference sequence and stored in what is
called the BAM (binary alignment) file format
[49]. These aligned reads are then processed
to call out sequence variants depending on the
presence and zygosity of variants. Information
from this analysis, which includes inferred
single nucleotide polymorphisms (SNPs) and
insertions and deletions (indels) along with
base coverage, quality, and score, is stored in a
different file format termed variant call for-
mat (VCF) [22, 50]. Finally, each single call in
the entire set of variants is annotated with a
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Figure 16-1 Basic methodology of exome capture or target enrichment for whole-exome sequencing. The vari-
ous steps involved are indicated by numbers. In step 1, genomic DNA is randomly fragmented into more or less
uniform shorter segments, either by ultrasonication or restriction digestion with enzymes. In step 2, adapters with
sequencing motifs and indices are ligated to the fragments. In step 3, biotinylated probes that are specific for
target regions (exons) are added and allowed to hybridize. Step 4 involves addition of streptavidin beads to
selectively capture all target regions by binding biotin. While the streptavidin beads (with bound target regions)
are held by a magnet, unbound nonspecific DNA fragments are separated and washed away. Finally, in step 5,
target regions are eluted by denaturation from the biotinylated probes. Although alternative methods for adapter
ligation may be available, the basic concept for target (exon) capture is similar

variety of customizable information, includ-
ing gene name, genomic and cDNA coordi-
nates, amino acid change, and functional
classification, to help with the interpretation
of causative variants [104].

Variant Analysis and Molecular
Diagnosis

Analysis of the variants and identification of
the disease causative gene and mutations in
WES are daunting tasks compared to the tra-
ditional single-gene sequencing approach.
Several predictive algorithms are being devel-
oped and made commercially available, but
their reliability and interpretative ability is

not well established. Most of the clinical labo-
ratories that offer WES assays currently
include various parameters, such as the func-
tional effect of the observed variant, relevance
of the gene to the clinical presentation, and
mode of inheritance, to filter variant calls
through in-house-validated pipelines and
algorithms (Fig. 16.2). Finally, short-listed
candidate variants are confirmed by the gold
standard Sanger sequencing. Confirmed vari-
ants may fall into different categories based
on previous association and functional effects
of the variant (Table 16.1). In the event a new
disease gene is identified, disease association
requires further evidence. In silico analysis by
prediction algorithms based on evolutionary
conservation of the amino acid or nucleotide
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Figure 16-2 Basic pipeline for variant filtration in
whole-exome sequencing analysis. Various parameters
are included in WES algorithms to filter and remove
nonpathogenic and false-positive variants from whole-
exome variant data to create a manageable dataset
(150-250 variants) that includes the candidate caus-
ative mutations. As indicated in the data filtration fun-
nel, variants that do not meet QC metrics, such as
those with poor coverage (<20x), are considered less
likely to be real, treated as false positives, and there-
fore filtered. Variants with a minor allele frequency of
>0.01 are polymorphisms by definition and less likely
to be pathogenic. Silent changes and intronic variants
beyond the consensus splice donor/acceptor
sequences are less likely to be pathogenic and are
often filtered in initial rounds of analysis. Familial vari-
ants may also be carefully filtered based on zygosity
and segregation pattern. Though the basic parameters
followed are common to all commercial and labora-
tory-developed algorithms, the thresholds and ranges
for acceptability may vary. EVS = Exome Variant Server
(NHLBI Exome Sequencing Project)

may increase confidence in an association, but
is not definitive [18]. Segregation of muta-
tions in the gene with presence of disease
among family members may also provide
additional evidence, but does not necessarily
or fully associate the gene with disease.
Functional studies are best, when available,
because they may not only establish disease
association but also provide insight into dis-
ease pathogenesis and treatment options.
Alternatively, identification of mutations in
the novel gene in unrelated individuals with
similar phenotypes by rapid targeted single-
gene testing may establish disease association,
as well. While diagnostic laboratories focus

on finding a pathogenic change in a known
disease-associated gene, research testing of
exomes is driven by the additional goal of
new gene discovery and may include exten-
sive functional analysis to establish disease
association with the gene.

Exome Sequencing:
A Transformative
Technology

NGS approaches, and especially WES, have
created hope for patients who may have
already undergone a diagnostic odyssey of
invasive approaches and clinical tests, and yet
remain in the dark as to the underlying
genetic cause of their condition. The poten-
tial of WES to provide molecular diagnoses
by screening nearly all human exons for
mutations was recognized early on, and
attempts to explore its diagnostic potential
were soon underway, heralding a new era in
clinical and medical genetics.

WES as a Diagnostic
Assay - Proven Potential

WES has facilitated characterization of sev-
eral recessive as well as dominant diseases,
revealing associations with new disease genes.
Recessive traits, which are more commonly
highlighted in consanguineous families, are
comparatively easier to diagnose and impli-
cate through WES because affected individu-
als within the family carry causative mutations
in segments that are homozygous by descent.
For example, in the case of first cousin mat-
ing, these regions account for approximately
10 % of the entire exome, thereby restricting
the search to this small region. For dominant
traits, however, the process is less straightfor-
ward. Molecular characterization of domi-
nant traits is complicated by several factors,
including reduced penetrance for certain
genes, locus heterogeneity, and alleles that
affect reproductive fitness. In such scenarios,
the finding of independent de novo variants in
the same gene among multiple unrelated
affected individuals provides considerable
evidence for disease association irrespective
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Table 16-1 Predictive Value and Significance of Confirmed Whole-Exome Sequencing

Variants

Clinical diagnostic

Variant category value

Establish diagnosis
and disease subtype

Previously reported
mutation

Novel mutation in known  Establish familial
disease-associated gene mutation

Mutation in known Establish disease
disease-unrelated gene diagnosis

Potential pathogenic Not predictable

variant/mutation in or actionable

previously unknown gene

of allelic heterogeneity. The first successful
demonstration of the potency of WES for rare
variant identification and disease diagnosis
came from an unexpected diagnosis of a
patient referred for possible Bartter syndrome
[16]. Due to an inconclusive clinical presen-
tation, WES was performed for this individ-
ual, and informed variant analysis led to the
identification of a homozygous mutation in
the SLC26A3 gene. This study provided the
first proof of concept of the application of
WES for genetic disease diagnosis. Even
though the gene was previously known to be
disease causing (congenital chloride-losing
diarrhea, CLD), the clinical overlap of the
patient’s phenotype with that of Bartter syn-
drome [36] obviated suspicion of the gene.
Substantial family information, including that
of consanguinity, inheritance mode of the dis-
ease, and regions of excessive homozygosity
due to identity by descent, helped with the
molecular characterization. Moreover, reeval-
uation of additional study subjects with a pre-
sumptive diagnosis of Bartter syndrome
identified mutations in SLC26A3. These find-
ings not only established the diagnostic abil-
ity of WES but also expanded the phenotypic
variability of SLC26A3-associated CLD.

Whole-Exome Sequencing
Facilitates Gene Discovery
Traditional gene mapping tools, such as homo-
zygosity mapping, linkage analysis, karyotyp-
ing, and copy number variation (CNV)

Functional value Further action

Understand clinical —
spectrum

Expand allelic and -
phenotypic
heterogeneity

Functional studies,
characterize disease subtype

Expand locus
heterogeneity of
disease

Characterize disease type,
functional studies

Hypothesize
new disease/gene

analysis, have led to the identification of new
disease genes [41, 44,45, 102]; however, these
methods require analysis of a cohort of mul-
tiple unrelated affected individuals to narrow
down genomic regions of interest, before
finally zeroing in on the candidate gene. In
contrast, WES of a single family or a parent—
proband trio can result in rapid gene identifi-
cation. This was first reported approximately
5 years after the launch of the technology in
2005 [72]. Using WES, two potentially patho-
genic variants were identified in a novel candi-
date gene, DHODH, thus implicating the
gene in the autosomal recessive Miller syn-
drome. This condition is characterized by
severe micrognathia, cleft lip or palate, limb
defects, coloboma, and supernumerary nip-
ples [65]. Even though the disease had been
described several decades ago, not much about
the causal gene or mode of inheritance was
known until this study. Despite little under-
standing of how DHODH mutations cause
Miller syndrome, the subsequent identifica-
tion of mutations in additional patients by tar-
geted gene sequencing confirmed disease
association without functional analysis.
Shortly thereafter, another novel disease gene
association was reported by the same group,
which identified MLL2 (KMT2D) to be the
causative gene for Kabuki syndrome [71].
These findings strongly suggested that exome
sequencing of a small number of affected indi-
viduals from unrelated kindred, or of multiple
individuals from a single affected family, could
be a powerful and efficient strategy for the
identification of rare disease genes.
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From Medical Genetics
to Medical Genomics: A Shift
in Paradigm

Beginningin early 2008, the NTH’s Undiagnosed
Diseases Program (UDP) began offering clini-
cal WES as a pilot program, with initial funds
totaling $280,000 [60]. UDP’s explicit objec-
tives were to provide molecular diagnosis to
patients who remained undiagnosed despite
thorough workup and to discover novel disease
genes and disorders to gain insight into the
pathogenesis of the clinical manifestations.
After receiving several thousand applications
from prospective participants, 160 individuals
were enrolled, and the huge task of decipher-
ing the underlying genetic causes began.
Included was a healthy Colombian couple
with two sons affected with an uncharacter-
ized neurological illness, presenting with sei-
zures, tremors, and several other complications.
When one of the sons succumbed to the dis-
ease, the second son of the family was enrolled
in the above-mentioned multi-institute initia-
tive in hopes of identifying the underlying
cause. After collaborative efforts for more than
a year, a definitive diagnosis came from WES
analysis. Furthermore, the molecular diagnosis
was also established for almost 25 % (39/160)
of the enrolled individuals overall. Novel dis-
ease genes, including NTS5E, associated with
arterial calcification disorder [90], and HINT3,
an aprataxin-related gene causative of a famil-
ial distal myopathy [28], were identified, as
well. Most of the diagnoses made, however,
included known rare (<1 in 10,000) or ultra-
rare (<60 cases reported) diseases in individu-
als who had previously undergone multiple
molecular and/or biochemical genetic tests.
UDP’s experience suggested that, with com-
prehensive phenotypic information, accurate
bioinformatics tools, and a methodological
approach, WES can be an economical single
test for disease diagnosis.

Implementation of Exome
Sequencing in Clinical
Medicine

Whereas the suitability of WES for clinical
medicine was initially debated, the emerging
consensus is that the future of diagnostic

exome sequencing has already begun [54,
63]. As new genes and diseases are identified
through clinical WES, the test is gaining pop-
ularity. Expected reductions in cost and
improved reimbursement are also likely to
mean wider implementation of WES in clini-
cal medicine.

Mendelian Disorders
and Exome Sequencing

The conventional approach, still widely in
practice, for molecular diagnosis of single-
gene Mendelian disorders follows serial inter-
rogation of all exons and exon-intron
boundaries of known disease-specific genes
via traditional polymerase chain reaction
(PCR) amplification and the gold standard
Sanger sequencing. Unlike complex traits and
disorders such as autism and intellectual dis-
ability, which can involve several causative
genes and variants, Mendelian disorders are
generally associated with mutations in a single
gene. With the utilization of clinical genetics
and molecular diagnosis, however, locus het-
erogeneity and overlapping disease pheno-
types have shown that, even for Mendelian
disorders, making a molecular diagnosis is less
straightforward than previously thought. This
notion favored the application of multi-gene
panels in which all common disease-related
genes are interrogated simultaneously through
NGS. Consequently, there are now several
individual disease gene panels available [2, 40,
98]. Even though the panel approach has
reduced the diagnostic odyssey for patients
and boosted diagnostic capacity, a substantial
fraction of patients still remain without a
molecular diagnosis. This can be attributed, in
part, to the inability to detect mutations in
regulatory and intronic regions. Nevertheless,
most such cases are believed to be due to the
involvement of previously unknown disease
genes. One important feature in support of
this is the occurrence of more than 85 % of
causative mutations for Mendelian disorders
in exonic regions of the genome [12]. This
percentage, together with the growing poten-
tial of WES as a diagnostic tool, makes it a
preferred approach for rare Mendelian disor-
ders with genetic and phenotypic heterogene-
ity. Notably, however, causative variants
detectable by a combination of conven-
tional methodologies, including homozygosity
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mapping and candidate gene selection, may
be missed by WES [10, 69]. Bloch-Zupan
et al. [10] report a case of homozygous muta-
tions in the SMOC2 gene, responsible for
dental developmental defects, which were ini-
tially missed by WES due to poor coverage
[10]. Overall, however, whereas homozygos-
ity mapping or linkage analysis may be pre-
ferred for consanguineous and large pedigrees,
WES is proving to be the most informative of
these diagnostic tests [13, 14, 26, 59]. In some
cases, WES has provided an accurate molecu-
lar diagnosis in patients previously diagnosed
with a different disease, further cementing the
value of this assay in clinically heterogeneous
Mendelian disorders [47]. Besides establishing
a molecular diagnosis in patients and provid-
ing carrier testing opportunities for family
members, the identification of causative muta-
tions in Mendelian diseases also guides patient
management and family counseling [4], and
opens up opportunities for therapeutic inter-
vention and participation in clinical studies
[75]. Finally, the identification of new disease
genes and causative mutations contributes to
our understanding of disease phenotype,
pathogenesis, and gene function [77].

Complex Disorders and Exome
Sequencing

Common complex diseases constitute a
major part of overall disease burden in the
general population. Most common diseases
are complex, with extensive genetic hetero-
geneity resulting in clinically indistinguish-
able phenotypes. This includes conditions
such as autism, intellectual disability, cardiac
disease, and diabetes. X-chromosome-linked
intellectual disability alone has been associ-
ated with more than 100 different genes.
Similarly, autism spectrum disorders are
linked to multiple genes, with no single gene
accounting for more than 1 % of cases [9]. It
is obvious that, even more so than for single-
gene Mendelian disorders, the WES approach
is advantageous for multifactorial and multi-
genic complex disease characterization.
Recently, one single WES study investigating
the genetic etiology of autosomal recessive
forms of intellectual disability identified 50
novel candidate genes [68]. These include
genes encoding proteins involved in
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transcription, translation, cell-cycle control,
and fatty acid and energy metabolism critical
for normal brain development and function.
The discovery of such novel disease-associated
genes not only improves our understanding of
the underlying cause of disease manifesta-
tions but can also suggest novel targets for
therapy and management.

Unlike most Mendelian disorders, diseases
with complex genetic etiologies involve cod-
ing variants that present as risk factors rather
than direct causes of disease. Such risk factors
found by traditional methods to date include
an APOE genotype that plays a role in late-
onset alzheimer’s disease, complement factor
H polymorphism in age-related macular
degeneration, and an LRRK?2 risk variant in
Parkinson’s disease [19, 43, 92]. The applica-
tion of WES to complex disease diagnosis will
enable the identification of similar common
protein-coding risk alleles, as well as rare risk
alleles. Genome-wide association studies
(GWAS) have been revolutionary in terms of
uncovering common variants associated with
complex disorders, but have not satisfactorily
explained the heritability of these traits [17,
56, 62, 83]. With the advent of WES, the
focus of complex trait genetics has shifted
towards low-frequency and rare variants [79,
97], and the link between variants and com-
plex traits is on its way to becoming clearer
[11, 23,27, 73, 80]. The routine use of WES
in clinical laboratories will most likely iden-
tify more and more rare variants that have a
strong causative effect on phenotype, unlike
the common variants that, individually, con-
tribute only minimally [24, 42].

Application of WES
to Neoplastic Diseases

Historically, pathologists have relied on histo-
morphology to classify and diagnose neo-
plasms [8, 21]. Recent progress in cancer
genomics, however, has pointed towards the
utility of a more granular approach through
the identification of genetic alterations com-
mon to morphologically diverse tumor types
and through the discrimination of subgroups
within what was thought to be a single tumor
type [7]. Consequently, WES has been
applied to tumor diagnostics to obtain a
comprehensive picture of copy number
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alterations (CNAs) and of pathogenic muta-
tions [52]. The potential of WES to detect
somatic CNAs in cancer syndromes has been
explored, as well [52, 82]. In a study involv-
ing 17 matched tumor and normal tissues
from patients with metastatic castrate-resis-
tant prostate cancer, targeted WES analysis
successfully identified various common
CNAs, such as androgen receptor (AR) gain
and PTEN loss [52]. This study and others
suggest that somatic CNAs that involve the
amplification of oncogenes or deletion of
tumor suppressors and are significant contrib-
utors to cancer etiology can now be moni-
tored more comprehensively using WES than
array-based technologies [15]. Unlike germ-
line mutations, somatic mutation and CNA
detection in cancer are performed by simulta-
neous exome sequencing of normal and
tumor tissue from the same individual, fol-
lowed by a comparison of copy number ratios
of exonic regions in the two sample types
[52]. This approach of analyzing the relative
coverage (of tumor versus normal sample)
distinguishes a true chromosomal deletion
from a lack of coverage due to technical limi-
tations. WES thus offers the combined effi-
ciency of both array comparative genomic
hybridization (aCGH), which detects CNAs
by relative probe frequency [78], and single
nucleotide polymorphism (SNP) array, which
detects loss of heterozygosity (LOH) and
absence of heterozygosity (AOH) by zygosity
changes at known SNP loci [61]. Whereas the
prohibitive cost and analysis burden of whole-
genome sequencing (WGS) have limited its
clinical application thus far, successful detec-
tion of somatic DNMT3A mutations in acute
monocytic leukemia [105], PBRMI muta-
tions in renal carcinoma [100], BAPI muta-
tions in metastasizing uveal melanomas [34],
and AR, NCOA2, PTEN, RBI, and TP53
CNAs in prostate cancer [94] by WES are
confirming it as a cancer diagnostic and moni-
toring assay option.

There are several advantages to using WES
for cancer genomics. First, it provides an exon-
level resolution of CNAs. Second, the vast
data  available through comprehensive
sequencing projects such as The Cancer
Genome Atlas (TCGA) can be leveraged
because whole-exome data for thousands
of cancer cases from multiple studies are
publicly available [95]. This makes integrative

cancer detection strategies possible and drives
personalized medicine approaches. Genotype-
directed therapies are transforming cancer
care, as seen with several drugs and target
inhibitors in various cancer types, including
chronic myeloid leukemia, colorectal adeno-
carcinoma, and melanoma [25, 53, 76]. The
role of coexisting or co-occurring passenger
mutations, separate from the driver mutations
that actually cause the clonal expansion of
cancer cells, is also being investigated so the
two can be distinguished [5, 33]. Comparison
of WES data across multiple patients is
expected to contribute to the teasing out of
the two, which could in turn translate into
new drug targets. Despite these advantages,
WES still has some limitations. These are pri-
marily pertaining to coverage of certain exons
and of genes with complex sequence context,
as a result of which some mutations and
CNAs may be missed. Additionally, CNAs
involving gene-poor regions may not be
detected due to assay design. Gene fusion
events or chimeric gene products unique to
cancer etiology and the more frequent large
chromosomal aberration events, such as trans-
locations, large deletions, or inversions, are not
detected by WES. A comprehensive approach
of various NGS technologies including WES,
WGS, and transcriptome analysis is being
explored, but clinical applicability is still rudi-
mentary [67, 86, 93, 94].

From Diagnosis to Therapy:
Advances in Clinical Care

Despite the proven potential of WES for
clinical diagnostic purposes, one common
criticism of the technology is the lack of
evidence for its clinical usefulness.
Pharmacogenomics is one area in which WES
is expected to play a major role, especially by
identifying variants that contribute to geno-
type-specific responses to drugs. One such
example is related to the substitution of glu-
tamic acid for valine at position 600 (p.
V600E) in the BRAF gene in individuals with
malignant melanoma [20]. This specific
mutation acts by conferring a constant flux
through the mitogen-activated protein kinase
(MAPK) pathway, thereby promoting malig-
nancy. The genotype-specific drug vemu-
rafenib (PLX4032), recently approved by
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the FDA, is used for targeted intervention of
metastatic melanoma [46, 106]. Eventually,
however, tumor cells were found to develop
resistance to the drug over time, but in a
cohort of 20 melanoma patients treated with
vemurafenib, WES identified the underlying
cause for the development of drug resistance:
a gain in copy number (by 2-13 times) of the
mutant p.V600E BRAF allele [88].

Several other targeted therapies, such as
imatinib for chronic myeloid leukemia,
trastuzumab for breast cancer, irinotecan and
panitumab for colorectal cancer, and erlotinib
for lung cancer, may all be monitored for their
treatment effect and resistance development
using WES. Implementation of WES in the
context of personalized medicine is high-
lighted by a recent study reporting a novel
genetic risk factor linked to the VACTERL
association [89]. A heterozygous mutation in
the CPSI gene, identified by WES in monozy-
gotic twins, is suspected of being the risk fac-
tor associated with the severe pulmonary
artery hypertension observed post-surgery in
the twin who underwent surgery. Generally,
homozygous or compound heterozygous
mutations in CPSI are associated with a rare
urea cycle disorder; however, through WES
analysis the authors clarified that there were
no discordant de novo mutations between the
two twins and that the observed complica-
tion must have been due to the combination
of the observed heterozygous variant and an
environmental trigger: in this case, surgery.

Limitations and Challenges
of Implementing Exome
Sequencing Assays

Despite being quite comprehensive, WES has
yet to overcome several technical and ana-
lytic challenges before it can replace the cur-
rent gold standard of Sanger sequencing, or
even targeted NGS panels. These challenges
are summarized here. The first and foremost
technical challenge is the inefficiency to cap-
ture and sequence all target exons. Contrary
to what is suggested by its name, WES cur-
rently misses around 5-8 % of the human
exome because of low or no coverage [16].
Most of this is explained by sequence context,
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such as with high or low GC content or the
presence of highly homologous pseudogenes
[38]. Capture of all target exons is, of course,
essential to avoid false-negative interpreta-
tions due to the presence of potentially caus-
ative mutations in missed exons. Highly
repetitive sequences, which include inter-
spersed repeats and tandem repeats, consti-
tute more than half of the human genome.
These highly homologous regions are co-
enriched and co-sequenced along with the
target regions [96]. This challenge may be
countered by increasing the sequence read
size, which is still limited with current NGS
technologies. However, several alternative
approaches, such as paired end sequencing
and correlation of average read depth differ-
ences to detect repeat regions, are being
explored [96]. A second challenge is storage
and management of the vast amount of
sequencing data generated by the technology.
This demands a large investment in infra-
structure and technology, which is a major
strain for diagnostic laboratories. A third limi-
tation is the variant detection capability of
WES. With high coverage and read depth,
point mutations and small indels in exonic
regions can be detected with high efficiency,
but those in regulatory regions are not. In
addition, larger multi-exon or multi-gene
deletions and duplications, which contribute
to a significant proportion of the mutation
spectrum for several genes, as well as gene-
fusion or chimeric events common in cancer,
are not efficiently detected. Besides variant
detection capability, another major challenge
of the test involves assessment of the clinical
implications of variants identified. Most of
the observed variants may not be clinically
predictable or actionable due to lack of suffi-
cient evidence. However, with the routine
practice of WES and accumulation of relevant
information, this concern would gradually be
reduced. The fifth challenge to implementing
WES assays in clinical care is the requirement
of additional training for physicians to help
them interpret test results and reports. With
a more comprehensive set of variants avail-
able for consideration in the patient’s clinical
context, clinicians who see the patient, if
trained in this area, would be able to make
the optimal interpretation as to the causative
gene. Alternatively or ideally simultaneously,
extensive phenotypic information may be
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collected beforehand and made available to
the pathologists and laboratorians interpret-
ing the data. Finally, a considerable challenge
facing the clinics and laboratories that offer
these tests is the constantly changing technol-
ogy. Recently, members of the Standardization
of Clinical Testing workgroup (Nex-StoCT)
have laid out guidelines for the validation and
implementation of NGS-based tests [29].
With NGS technology changing all the time,
however, these aspects also change and can
become a hurdle to implementation.

Despite the challenges and limitations,
WES and WGS have stirred tremendous
interest, with the future of clinical care prom-
ising expedited diagnosis and more personal-
ized medicine. Moreover, implementation of
WES in medical practice will potentially aid
the advancement of our understanding of
human biology and pathogenesis.

A Look to the Future of
Whole-Exome Assays

Current commercially available NGS tech-
nologies have already revolutionized the
diagnostic capacity of modern clinical genet-
ics. Nevertheless, advanced so-called “third-
generation” sequencing technologies, such as
Helicos Heliscope (Helicos Biosciences
Corporation, Cambridge, MA), PacBio
SMRT (Pacific Biosciences, California), and
Nanopore sequencers (Oxford Nanopore
Technologies, Oxford, UK), are being actively
developed to further improve genomic
sequencing applications [32]. These third-
generation sequencing platforms differ from
the current technologies in that the initial
target capture and enrichment step, which
involves DNA amplification, is no longer
required. The input patient DNA is
sequenced and analyzed at the single-mole-
cule level with the help of engineered pro-
tein polymerases [32]. This will not only cut
cost and turnaround time but also have the
added advantage of avoiding any in vitro
amplification bias. Upon thorough validation
and optimization of their diagnostic ability,
these future technologies promise to move
today’s medical practice to the anticipated
next level of care.

Currently, even more so than the sequenc-
ing technology and needed coverage improve-
ments, the progress in data analysis tools and
candidate variant filtration is of major con-
cern. WES alone, which interrogates about
1 % of the human genome, returns a list of
about 20,000 variant calls [91]. Family infor-
mation, such as the mode of inheritance
within a family, linkage analysis or variant
data, i.e., the WES profile of unaffected fam-
ily members, helps eliminate familial normal
variations and track down disease-causing
mutations [60], but performing additional
tests including WES on multiple family mem-
bers increases diagnostic costs and is not ideal
for a variety of reasons. As more and more
exomes are analyzed and sequence variants
reported in publicly available databases, how-
ever, variant analysis and disease diagnosis by
WES will certainly become easier and faster.

Meanwhile, with the implementation of
WES and NGS technologies in clinical
pathology becoming more common, the need
for trained pathologists capable of interpret-
ing the data and assessing the potential impact
on an individual’s health is growing. The
training of future pathologists is now under
discussion, and teaching curricula in genom-
ics and personalized medicine are being
actively developed for residents [35, 84].
A national committee of Pathology Program
Directors and other experts has also recently
formed to develop model curricula and pro-
mote their widespread implementation [35,
103]. The implementation of WES and WGS
in clinical practice has, therefore, added a new
dimension to the already multifaceted roles
of pathologists.

Conclusions

With more than 85 % of causative mutations
harbored in as little as 1 % of the entire human
genome, the use of WES as the most efficient
strategy for disease diagnosis seems well justi-
fied. Even though WGS has the potential to
identify CNVs and point mutations in exons,
as well as in regulatory regions of the introns,
the cost, time, and the analysis burden cur-
rently involved has meant WGS is on hold for
clinical implementation, at least for now.
Substantial proof-of-principle studies and
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evidence of diagnostic capability, affordabil-
ity, and feasibility in the clinical setting have
supported the use of WES. Currently, it is
offered for clinical diagnosis by multiple
major clinical laboratories across the USA,
and as the technology improves and becomes
less expensive, more laboratories are begin-
ning to develop the test.

Clinicians who contemplate ordering a
WES assay should first consider other available
tests, such as relatively comprehensive gene
panels. Gene panels, which interrogate only a
limited number of genes, each more or less
associated with the patient’s clinical presenta-
tion, more completely retain the integrity of
the  individual’s  genetic  information.
Appropriate ethical guidelines and data-
masking features during data analysis will
likely overcome this difference eventually and
make WES widely acceptable for rare diseases,
cancer, and prenatal and infectious disease
diagnosis. Finally, reductions in cost, more
robust technologies, and improved data stor-
age processes will soon make clinical WGS
feasible, as well. The future of medical care can
be envisioned as an integrated approach, with
pathologists, geneticists, and other physicians
all contributing to make informed decisions
about patient management and treatment.
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