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Exome sequencing as a tool for
Mendelian disease gene discovery
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Mary J. Emond’, Deborah A. Nickerson* and Jay Shendure*

Abstract | Exome sequencing — the targeted sequencing of the subset of the human genome
that is protein coding —is a powerful and cost-effective new tool for dissecting the genetic
basis of diseases and traits that have proved to be intractable to conventional gene-discovery
strategies. Over the past 2 years, experimental and analytical approaches relating to
exome sequencing have established a rich framework for discovering the genes underlying
unsolved Mendelian disorders. Additionally, exome sequencing is being adapted to explore
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Elucidation of the genetic basis of human diseases and
other health-related traits has commonly relied on
the oversimplified but nevertheless useful dichotomy
between ‘monogenic, simple and rare’ and ‘multigenic,
complex and common’ diseases. Primarily through
linkage mapping and candidate gene resequencing, loci
underlying about one-half to one-third (~3,000) of all
known or suspected Mendelian disorders (for example,
cystic fibrosis and sickle cell anaemia) have been discov-
ered"”. However, there is a substantial gap in our knowl-
edge about the genes that cause many rare Mendelian
phenotypes. Several factors limit the power of traditional
gene-discovery strategies’: for example, the availability
of only a small number of cases or families to study,
reduced penetrance, locus heterogeneity and substantially
diminished reproductive fitness. At the other end of
the spectrum, genome-wide association studies (GWASs)
have identified large numbers of loci that contribute to
the genetic basis of complex traits but, in almost all cases,
these loci collectively account for only a small fraction
of the observed heritability of the trait under study*”.
Furthermore, little is known about the extent to which rare
alleles contribute to the heritability of complex traits®.
Since 2005, next-generation DNA sequencing plat-
forms have become widely available, reducing the cost
of DNA sequencing by four orders of magnitude relative
to Sanger sequencing’. The development of methods for
coupling targeted capture and massively parallel DNA
sequencing has made it possible to determine cost-
effectively nearly all of the coding variation present in

the extent to which rare alleles explain the heritability of complex diseases and health-
related traits. These advances also set the stage for applying exome and whole-genome
sequencing to facilitate clinical diagnosis and personalized disease-risk profiling.

an individual human genome, a process termed ‘exome
sequencing’ (REF. 8) (BOX 1). This technique has become
a powerful new approach for identifying genes that
underlie Mendelian disorders in circumstances in which
conventional approaches have failed (Supplementary
information 1 (table))’!!. Even where conventional
approaches are eventually expected to succeed (for
example, in homozygosity mapping), exome sequencing
provides a means for accelerating discovery'2.

Our focus is to explain some of the experimental and
analytical options for applying exome sequencing as a
tool for disease gene discovery and to describe some of
the key challenges in using this approach. We review how
exome sequencing is being used to identify genes that
underlie monogenic disorders using examples from sev-
eral recent studies. Finally, we provide a brief overview of
the application of exome sequencing in clinical diagnos-
tics and describe some of the new manifestations of long-
standing ethical issues arising from exome sequencing.

Why exome sequencing?

The exome as a source of rare disease-related variants.
Despite the fundamental limitation that exome sequenc-
ing does not currently assess the impact of non-coding
alleles, it is, for several reasons, a well-justified strat-
egy for discovering rare alleles underlying Mendelian
phenotypes and perhaps complex traits as well (BOX 2).
First, positional cloning studies that are focused on
protein-coding sequences have, when adequately
powered, proved to be highly successful at identifying
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Box 1 | Workflow for exome sequencing

Since 2007, there has been tremendous progress in the development of diverse
technologies for capturing arbitrary subsets of a mammalian genome at a scale
commensurate with that of massively parallel sequencing®'%’>7°. To capture all
protein-coding sequences, which constitute less than 2% of the human genome,
the field has largely converged on the aqueous-phase, capture-by-hybridization
approach described below.

The basic steps required for exome sequencing are shown in the figure. Genomic
DNA is randomly sheared, and several micrograms are used to construct an in vitro
shotgun library; the library fragments are flanked by adaptors (not shown). Next, the
library is enriched for sequences corresponding to exons (dark blue fragments) by
aqueous-phase hybridization capture: the fragments are hybridized to biotinylated
DNA or RNA baits (orange fragments) in the presence of blocking oligonucleotides
that are complementary to the adaptors (not shown). Recovery of the hybridized
fragments by biotin—streptavidin-based pulldown is followed by amplification and
massively parallel sequencing of the enriched, amplified library and the mapping
and calling of candidate causal variants. Barcodes to allow sample indexing can
potentially be introduced during the initial library construction or during
post-capture amplification. Key performance parameters include the degree of
enrichment, the uniformity with which targets are captured and the molecular
complexity of the enriched library.

At least three vendors (Agilent, Illumina and Nimblegen) offer kitted reagents
for exome capture. Although there are technical differences between them (for
example, Agilent relies on RNA baits, whereas lllumina and Nimblegen use DNA baits
— the kits vary in the definition of the exome), we find the performance of these kits
to be largely equivalent, and each is generally scalable to 96-plex robotic
automation. The fact that the costs of exome sequencing are not directly
proportional to the fraction of the genome targeted is a consequence of several
factors, including imperfect capture specificity, skewing in the uniformity of target
coverage introduced by the capture step and the fixed or added costs that are
associated with sample processing (for example, library construction and exome
capture). This ratio will fall as the cost of whole-genome sequencing drops.

Although methods for calling single nucleotide substitutions are maturing®, there
is considerable room for improvement in detecting small insertion—deletions and
especially copy number changes from short-read exome sequence data® (for
example, detecting a heterozygous, single-exon deletion with breakpoints that fall
within adjacent introns). Exome sequencing also needs improvements of a technical
nature. First, input requirements (several micrograms of high-quality DNA) are such
that many samples that have already been collected are inaccessible. Protocols using
whole-genome amplification or transposase-based library construction offer a
solution®, but additional work is required to fully integrate and validate these
methods. Second, as the minimum ‘unit’ of sequencing of massively parallel
sequencing continues to increase, sample indexing with minimal performance loss
and minimal crosstalk between samples will be required to lower the costs of exome
sequencing. Third, a substantial fraction of the exome (~5-10%, depending on the kit)
is poorly covered or altogether missed, largely owing to factors that are not specific

to exome capture itself.
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variants for monogenic diseases’. Second, most alleles
that are known to underlie Mendelian disorders disrupt
protein-coding sequences'®. Third, a large fraction of
rare, protein-altering variants, such as missense or
nonsense single-base substitutions or small insertion—
deletions (that is, indels), are predicted to have functional
consequences and/or to be deleterious'. As such, the
exome represents a highly enriched subset of the genome
in which to search for variants with large effect sizes.

Defining the exome. One particular challenge for apply-
ing exome sequencing has been how best to define the
set of targets that constitute the exome. Considerable
uncertainty remains regarding which sequences of the
human genome are truly protein coding. When sequence
capacity was more limiting, initial efforts at exome
sequencing erred on the conservative side (for exam-
ple, by targeting the high-confidence subset of genes
identified by the Consensus Coding Sequence (CCDS)
Project). Commercial kits now target, at a minimum, all
of the RefSeq collection and an increasingly large num-
ber of hypothetical proteins. Nevertheless, all existing
targets have limitations. First, our knowledge of all truly
protein-coding exons in the genome is still incomplete,
so current capture probes can only target exons that have
been identified so far. Second, the efficiency of capture
probes varies considerably, and some sequences fail to
be targeted by capture probe design altogether (FIC. 1).
Third, not all templates are sequenced with equal effi-
ciency, and not all sequences can be aligned to the ref-
erence genome so as to allow base calling. Indeed, the
effective coverage (for example, 50x) of exons using
currently available commercial kits varies substantially.
Finally, there is also the issue of whether sequences other
than exons should be targeted (for example, microRNAs
(miRNAs), promoters and ultra-conserved elements).
These caveats aside, exome sequencing is rapidly prov-
ing to be a powerful new strategy for finding the cause
of known or suspected Mendelian disorders for which
the genetic basis has yet to be discovered.

Identifying causal alleles

A key challenge of using exome sequencing to find
novel disease genes for either Mendelian or complex
traits is how to identify disease-related alleles among
the background of non-pathogenic polymorphism
and sequencing errors. On average, exome sequencing
identifies ~24,000 single nucleotide variants (SNVs) in
African American samples and ~20,000 in European
American samples (TABLE 1). More than 95% of these
variants are already known as polymorphisms in
human populations. Strategies for finding causal alleles
against this background vary, as they do for traditional
approaches to gene discovery, depending on factors
such as: the mode of inheritance of a trait; the pedigree
or population structure; whether a phenotype arises
owing to de novo or inherited variants; and the extent
of locus heterogeneity for a trait. Such factors also influ-
ence both the sample size needed to provide adequate
power to detect trait-associated alleles and the selection
of the most successful analytical framework.
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Mendelian disorders
Phenotypes caused by a
mutation (or mutations) in
a single gene and inherited
in a dominant, recessive or
X-linked pattern.

Penetrance

The proportion of individuals
with a specific phenotype
among carriers of a
particular genotype.

Locus heterogeneity

The appearance of
phenotypically similar
characteristics resulting from
mutations at different genetic
loci. Differences in effect size or
in replication between studies
and samples are often ascribed
to different loci leading to the
same disease.

Genome-wide association
studies

(GWASS). Studies that search
for a population association
between a phenotype and a
particular allele by screening
loci (most commonly by
genotyping SNPs) across
the entire genome.

Complex traits

Traits that are influenced by the
environment and/or through a
combination of variants in at
least several genes, each of
which has a small effect.

Heritability

The proportion of the total
phenotypic variation in a
given characteristic that can
be attributed to additive
genetic effects.

Next-generation DNA
sequencing

Highly parallelized
DNA-sequencing technologies
that produce many hundreds
of thousands or millions of
short reads (25-500bp) for a
low cost and in a short time.

Exome

The subset of a genome that

is protein coding. In addition
to the exome, commercially
available capture probes target
non-coding exons, sequences
flanking exons and microRNAs.

Homozygosity mapping
Narrowing down the location
of a gene underlying a trait
by searching for regions

of the genome in which

both chromosomal segments
are inherited identically-
by-descent.
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Box 2 | Exome sequencing to identify rare variants underlying complex traits

The systematic identification of rare alleles (that is, with a minor allele frequency (MAF) < 1%) associated with common
traits typically requires resequencing instead of genotyping® and has therefore been challenging. Such studies have
largely been limited to assessing rare variants that have been found by the targeted sequencing of candidate genes or of
genomic regions identified by linkage or genome-wide association studies (GWASs): the assumption is that rare variants
that influence a trait colocalize with common variants that influence risk. Although it will eventually become standard to
perform whole-genome sequencing on all subjects in a disease cohort, this approach is currently costly. In the meantime,
exome sequencing provides an opportunity to capture nearly all of the rare and very rare (MAF < 0.1%) alleles in the
protein-coding genes that are present in a sample, although the contribution of exome sequencing to our understanding
of complex diseases has been much smaller than its contribution to our understanding of Mendelian traits.

Exome sequencing is often used in conjunction with two sampling strategies: family-based phenotypes (to exploit
parent—child transmission patterns) and extreme phenotypes (to increase efficiency, FIC. 2d). In families in which multiple
individuals are affected with a common trait, one approach is to sequence the most distally related individuals: the more
distantly related the individuals, the fewer genetic variants they share. However, even distantly related individuals share
many variants that require further stratification (for example, functional stratification) to identify a potentially causal
allele. An alternative, family-based approach, which is used to identify de novo variants, involves sequencing parent—
offspring trios in which only the offspring is affected. This strategy has been used to identify candidate genes for several
complex traits***” (Supplementary information 1 (table)).

In an extreme phenotype study design, individuals who are at both ends of a phenotype distribution are selected for
sequencing®. For example, the US National Heart, Lung, and Blood Institute Exome Sequencing Project has sequenced
the exomes of >7,000 individuals with extreme phenotypes to find genes that underlie common cardiovascular disease
(for example, early-onset myocardial infarction and stroke) and lung disease (for example, chronic obstructive pulmonary

disease). Because the frequency of alleles that contribute to the trait are enriched in the extremes of the distribution,
sequencing even a modest sample size can potentially identify novel candidate alleles® . Fewer studies have used a
case—control design, although reduced costs of exome sequencing coupled with increasing access to large numbers of
publically available control exomes should increase the popularity of this approach.

A major challenge of relating rare variants to a trait is that even with very large sample sizes, the power to detect an
association with a single rare variant is low. To address this issue, analysis strategies have been developed to assess the
collective effects of rare variants across a gene or across multiple genes®**°. The assessment of association can be further
aided by: incorporating prior evidence about variants (for example, functional class), genes and pathways; enhancing
power using multivariate analyses of variants; or using quantitative rather than dichotomized phenotypes. A recent

Review provides a more detailed description of these tests®.

The main approaches for identifying causal variants
in exome-sequencing data are discussed below.

Discrete filtering: approach and assumptions. In less
than 2 years, exome sequencing has been used to iden-
tify causal alleles for several dozen Mendelian disor-
ders®'"1>-* (Supplementary information 1 (table)).
Most of these studies have, to varying extents, relied on
comparisons with exome sequences and variants that
are found in a small number of unrelated or closely
related affected individuals to find rare alleles or novel
alleles in the same gene shared among affected indi-
viduals (FIC. 2a). In these cases, novelty is assessed by fil-
tering the variants against a set of polymorphisms that
are available in public databases (for example, dbSNP
and 1000 Genomes Project) and/or those found in a
set of unaffected individuals (that is, controls). This
‘discrete-filtering’ step is used to eliminate candidate
genes by assuming that any allele found in the filter set’
cannot be causative. This approach is powerful in part
because only a small fraction (~2% on average) of the
SNV identified in an individual by exome sequenc-
ing is novel (TABLE 1). The sequencing of only a modest
number of affected individuals, and then applying
discrete filtering to the data to reduce the number
of candidate genes to a minimum number of high-
priority candidates (if not a single one) is an important
advantage that exome-sequencing approaches have

over conventional approaches. In fact, this strategy
alone can be exceptionally powerful for very rare
Mendelian disorders''.

Underlying this method is the assumption that the
filter set contains no alleles from individuals with
the phenotype being studied. This assumption can be
problematic for two reasons. First, dbSNP is ‘contami-
nated” with a small but appreciable number of patho-
genic alleles. Second, as the number of sequenced
exomes and genomes increases, the filtering of
observed alleles in a manner that is independent of their
minor allele frequency (MAF) runs the risk of eliminat-
ing truly pathogenic alleles that are segregating in the
general population at low but appreciable frequencies.
This risk is especially relevant for recessive disorders, in
which carrier status will not result in a phenotype that
might otherwise exclude an individual from a ‘control’
population (for example, 1000 Genomes Project)'!.
As shown in FIG. 3, analyses of recessive disorders in
which one sets the maximum MAF to 1% are still well-
powered. Recessive disorders for which carrier status
is common (for example, cystic fibrosis) would still be
missed using this filter, but most of the recessive disor-
ders for which the genetic basis remains to be discov-
ered are very rare. Alternatively, discrete filtering with
amaximum MAF >1% can be carried out using a sub-
stantially larger sample size and/or in conjunction with
pedigree-based approaches.
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Figure 1| Exome coverage estimated as the percentage of bases called per gene.
Genes are rank-ordered by decreasing coverage, and the x axis is presented as the
percentage of total genes. On average, 82% of genes have at least 90% of bases called
(n=200, black line). There is some variation by population. For African Americans
(orange dots), n=100, and for European Americans (blue dots), n=100.

Sample indexing
Sequencing more than
one sample in a single
sequencing lane.

RefSeq

An open-access, annotated
and curated collection of
publicly available nucleotide
sequences (DNA and RNA)
and their protein translations.

Ultra-conserved elements
Subsequences of the genome
that appear to be under
extremely high levels of
sequence constraint based on
phylogenetic comparisons.

Purifying selection
Selection against a functionally
deleterious allele.

Parametric tests
Statistical significance tests
for which P values are based
on models or assumed
formulae for the distribution
of the test statistic.

Permutation test

A statistical test in which the
data are randomized many
times to determine the
statistical significance of

the experimental outcome.

Multiplex families

Families in which two or
more individuals are affected
by the same disorder.

A lower MAF cutoff of 0.1% is helpful for dominant
disorders, as the estimated prevalence of the disorder
(generally well below 0.1%) provides an upper bound on
the MAE. Additionally, the greater the number of novel
variants with lower MAFs that are present in a sam-
ple population, the more difficult it will be to home in
on the causal gene (or genes). This limitation under-
scores the importance of having access to control data
that are derived from the same populations from which
cases were sampled. Of note, these power analyses do
not make use of dbSNP, suggesting that internally gener-
ated control data sets can be sufficiently deep, such that
filtering against external databases to exclude common
alleles is no longer required. In our experience, a large
set of internally generated exome sequences also allows
for the exclusion of systematic artefacts that are specific
to the peculiarities of a production pipeline?.

Stratifying candidates after discrete filtering. Candidate
alleles can be further stratified on the basis of their pre-
dicted impact or deleteriousness. Alleles can be strati-
fied by their functional class by giving greater weight to
frameshifts, stop codons and disruptions of canonical
splice sites than to missense variants. However, this is an
oversimplification that is insensitive to causal alleles that
do not directly alter protein-coding sequences or canon-
ical splice sites. Additionally, candidate alleles can be
stratified by existing biological or functional information
about a gene: for example, its predicted role (or roles)
in a biological pathway or its interactions with genes or
proteins that are known to cause a similar phenotype.
Another approach for stratifying candidate alleles
is to use quantitative estimates that have a functional
impact, many of which exploit the observation that
regions of genes and genomes in which mutations
are deleterious tend to show high sequence conser-
vation as a result of purifying selection. Sites that have
experienced purifying selection can be identified by

quantifying rates of mammalian evolution at the nucle-
otide level. Implementations of this strategy include
phastCONS?, phyloP and Genetic Evolutionary Rate
Profiling (GERP)*. These annotation strategies can
also be applied to predict the impact of potential causal
alleles that are either coding or non-coding. Approaches
that stratify non-synonymous alleles (for example,
SIFT*, Polymorphism Phenotyping v2 (PolyPhen2)*
and Multivariate Analysis of Protein Polymorphism
(MAPP)*®) also explore the predicted changes in proteins
caused by specific amino acid substitutions. All of these
strategies enrich for functional sites at which observed
variants are more likely to affect phenotype.

Filtering using tests of association. For identifying likely
causal variants, an alternative strategy to discrete filter-
ing is to apply tests of association. The use of two-sample
tests that compare cases (that is, unrelated individuals
with the same Mendelian phenotype) to a set of controls
can either eliminate some of the problems of discrete
filtering or provide estimates of the sample size needed
for adequate power in the presence of complicating fac-
tors, such as genetic heterogeneity. For example, as long
as false positives are equally probable both in cases and
in controls, the expected number of variants in any gene
will be the same both in cases and in controls under any
distribution of mutations. When genetic heterogeneity
is known to be present (as indicated, for example, by
the presence of complementing groups of mutations)
or suspected, then this information can be taken into
account when performing power calculations to ensure
that enough individuals are included in the study (BOX 3).
Furthermore, the growing number of well-documented
exome data sets available will allow for the use of thou-
sands of control chromosomes, which can increase the
power to detect causal alleles, even when the number of
available cases is limited. It is noteworthy that the use
of two-sample tests is the general rule in the search for
variants underlying complex diseases; mathematically,
the search for rare Mendelian variants and common
variants underlying complex phenotypes is fundamen-
tally indistinguishable. One modest caveat is that the
use of parametric tests that are not ‘exact’ (for example,
Fisher’s exact test) generally require a permutation test
to establish the correct significance level. Innovation in
analytical methods for disease gene identification will be
crucial for maximizing the success of exome sequencing
in identifying genes for Mendelian disorders.

Effect of mode of inheritance on study design. The mode
of inheritance of a monogenic disorder strongly influ-
ences both the experimental design (for example, the
number of cases to sequence and selection of the most
informative cases for sequencing in multiplex families)
and the analytical approach. Intuitively, discrete fil-
tering should be more efficient for recessive disorders
(that is, they require sequencing of fewer cases) than
for dominant disorders, because the genome of any
given individual has around 50-fold fewer genes with
two, rather than one, novel protein-altering alleles per
gene (M.J.B,, SBN., AW.B,, HK.T,, M.JE,, D.AN. and
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Table 1| Mean number of coding variants in two populations

Variant type Mean number of variants ~ Mean number of variants
(% sd) in African Americans (% sd) in European Americans

Novel variants

Missense 303 (£32) 192 (£ 21)

Nonsense 5(x2) 5(x2)

Synonymous 209 (£ 26) 109 (+ 16)

Splice 2(x1) 2(x1)

Total 520 (=53) 307 (=33)

Non-novel variants

Missense 10,828 (+342) 9,319 (+233)

Nonsense 98 (+8) 89 (+6)

Synonymous 12,567 (£ 416) 10,536 (+ 280)

Splice 36 (+4) 32 (x3)

Total 23,529 (+ 751) 19,976 (+ 505)

Total variants

Missense 11,131 (= 364) 9,511 (+ 244)
Nonsense 103(+ 8) 93 (+6)
Synonymous 12,776 (£ 434) 10,645 (+ 286)
Splice 38 (£5) 34 (£ 4)

Total 24,049 (x791) 20,283 (¥ 523)

The table lists the mean number (+ standard deviation (sd)) of novel and non-novel coding
single nucleotide variants from 100 sampled African Americans and 100 European
Americans. Non-novel variants refer to those found in dbSNP131 or in 200 other control
exomes. Capture was performed using the Nimblegen V2 target. The analysis pipeline
consisted of: alignment using the Burrows—Wheeler alignment tool; recalibration;
realignment around insertion—deletions and merging with the Genome Analysis Toolkit
(GATK)?; and removal of duplicates with PICARD. Variants were called using the following
parameters: quality score > 50, allele balance ratio < 0.75; homopolymer run > 3; and
quality by depth < 8. Variants were called from a RefSeq37.2 target (35,804,408 bp).

Identity-by-descent
Alleles on different
chromosomes that are
identical because they

are inherited from a shared
common ancestor.

Identity-by-state

Alleles on different
chromosomes that are
identical but do not share
a common ancestor with
respect to a pedigree or
population of interest.

Haplotype
A combination of alleles on
a single chromosome.

J.S., unpublished data). This conclusion is supported by
simulation studies (FIC. 3) and by the greater rate at which
exome sequencing is identifying genes for recessive dis-
orders relative to dominant disorders (Supplementary
information 1 (table)).

Use of pedigree information. For Mendelian pheno-
types, the use of pedigree information can substantially
narrow the genomic search space for candidate causal
alleles (FIC. 2b). However, it is not necessary to perform
exome sequencing on every individual in a pedigree, or
even on every case, to take full advantage of the avail-
able information. Exactly which individuals are the most
informative ones to sequence depends on the frequency
of a disease-causing allele and the nature of the relation-
ship between the individuals. For very rare alleles, the
probability of identity-by-descent given identity-by-state is
high even among distantly related individuals. For exam-
ple, two first cousins share a rare allele that is identical-
by-descent in approximately one-eighth of the genome.
In the absence of mapping data, sequencing the two most
distantly related individuals with the phenotype of interest
can substantially restrict the genomic search space.
When mapping data are available, the most effi-
cient strategy is to sequence a pair of affected individu-
als whose overlapping haplotype produces the smallest
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shared genomic region. If the haplotype shared by all
affected individuals is sufficiently short that the candidate
interval is unlikely to include multiple candidate causal
alleles, then a single individual may be sequenced. For
consanguineous pedigrees in which a recessive mode of
inheritance is suspected, sequencing just the one person
with the smallest region (or regions) of homozygosity, as
determined by the genome-wide genotyping data, should
be sufficient. In each of these instances, exome sequencing
is merely used as a replacement for Sanger sequencing of
all the genes in a crucial interval. This is often a cost-
effective option and has been a popular application of
exome sequencing (Supplementary information 1 (table)).

Exome sequencing of parent—child trios is a highly
effective approach for identifying de novo coding muta-
tions (FIC. 2¢), as multiple de novo events occurring within
a specific gene (or within a gene family or pathway) is
an extremely unlikely event*. This study design may be
particularly applicable to gene discovery in disorders for
which most cases are sporadic (that is, the parents are
unaffected) and when a dominant mode of inheritance
is suspected (for example, when there are few instances
of parent-to-child transmission) or substantial locus het-
erogeneity is expected. Sequencing of trios has been used
to find de novo mutations that are responsible for rare
Mendelian disorders (for example, Schinzel-Giedion
syndrome®’) as well as for genetically heterogeneous dis-
orders, such as intellectual disabilities*, schizophrenia*®
and autism*”. Although identifying Mendelian inconsist-
encies in which the child has a variant that is not called
in either parent is straightforward, more than 70% of
these inconsistencies turn out to be false negatives that
result from failure to call the corresponding germline
variants in one or the other parent. This should become
less of a problem as variant callers improve and as the
number of exomes available for comparison to exclude
rare variants increases.

Technical and analytical limitations. The most success-
ful reports of the identification of a novel disease gene
by exome sequencing have relied on discrete filtering,
often with the aid of mapping data (Supplementary
information 1 (table)). However, it is difficult to know
how often this approach has failed, as negative results
are rarely reported. Failure can result for many rea-
sons, most of which can be broadly considered as either
technical or analytical.

Technical failure can occur because: part or all of the
causative gene is not in the target definition (for example,
it is not known to be a gene or there is a failure in the
design); there is inadequate coverage of the region that
contains a causal variant (for example, because of poor
capture or poor sequencing); the causal variant is covered
but not accurately called (for example, in the presence of
a small but complex indel); true novel variants in the
same gene are repeatedly identified but only because of
the large size of the gene; or false variants in a gene are
called because of mismapped reads or errors in alignment.
Improvements on current methods to overcome these
weaknesses are being investigated (BOX 1), so technical fail-
ures are likely to diminish rapidly over the next few years.
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Number of individuals

/ Phenotype f

Figure 2 | Strategies for finding disease-causing rare variants using exome sequencing. Four main strategies are
illustrated. a | Sequencing and filtering across multiple unrelated, affected individuals (indicated by the three coloured
circles). This approach is used to identify novel variants in the same gene (or genes), as indicated by the shaded region
thatis shared by the three individuals in this example. b | Sequencing and filtering among multiple affected individuals
from within a pedigree (shaded circles and squares) to identify a gene (or genes) with a novel variant in a shared region
of the genome. ¢ | Sequencing parent—child trios for identifying de novo mutations. d | Sampling and comparing the
extremes of the distribution (arrows) for a quantitative phenotype. As shown in panel d, individuals with rare variants in
the same gene (red crosses) are concentrated in one extreme of the distribution.

Processed pseudogenes
Copies of the coding
sequences of genes that lack
promoters and introns, contain
poly(A) tails and are flanked
by target-site duplications.

Posterior probability

The probability of an event
after combining prior
knowledge of the event with
the likelihood of that event
given by observed data.

Analytical failures can follow from the limitations
and assumptions of discrete filtering. Perhaps the major
limitation of discrete filtering is that its power is substan-
tially reduced by genetic heterogeneity. For example, if
alleles of one gene account for only a fraction of cases,
no single gene will be found to have disease-causing
alleles in all cases, and several other genes may carry
neutral mutations in as many cases, depending on the
sample size. In this scenario, it is impossible to separate
the causal alleles from the non-causal alleles. From an
analytical perspective, false-negative calls, the presence
of disease-causing alleles in the comparative data set and
reduced penetrance result in a reduced signal-to-noise
ratio that is practically indistinguishable from genetic
heterogeneity. False-positive calls will result in detection
of candidate genes that cannot logically be eliminated
by filtering alone. False-positive calls are frequently
observed in segmental duplications and processed
pseudogenes. Particularly notorious are processed pseu-
dogenes that are not currently represented in the human
genome (for example, CDC27; see REF. 11). Finally, quan-
tifying the strength of the results of discrete filtering
by significance testing (for example, by P value or by
posterior probability) is problematic in the absence of a
better understanding about the nature and distribution
of variation across the exome.

Application to clinical diagnostics

Discovery of variants that underlie both Mendelian
and complex traits will naturally lead to a much deeper
understanding of disease mechanisms that should, in
turn, facilitate development of improved diagnostics,
prevention strategies and targeted therapeutics**. For
example, the finding that several families with domi-
nantly inherited adult-onset arterial calcifications had
mutations in NT5E — a gene that encodes a protein
involved in adenosine metabolism — allowed for con-
sideration of specific therapeutic interventions that
would otherwise not have been considered®. Some of
these improvements will soon be realized (for example,
better diagnostics for Mendelian disorders and disorders
of unknown aetiology), whereas others (for example,
risk profiling for complex traits) are likely to be a more
distant realization.

Diagnosis. One of the immediate applications of exome
sequencing will be facilitating the accurate diagnosis
of individuals with Mendelian disorders that: present
with atypical manifestations; are difficult to confirm
using clinical or laboratory criteria alone (for exam-
ple, when symptoms are shared among multiple dis-
orders); or require extensive or costly evaluation (for
example, when there is a long list of possible candidate
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Bootstrap

A type of statistical analysis
that is generally used for
measuring the reliability of a
sample estimate. It proceeds
by the repeated sampling, with
replacement, of the original
data set. In the application
described here, bootstrapping
is used to assess the
probability of identifying the
causal variant for a genetic
condition in a population.

genes, as is the situation for non-syndromic hearing
loss, Charcot—Marie-Tooth syndrome or when several
large genes need to be screened). For example, using
exome sequencing, a novel homozygous missense
(Asp652Asn) variant in solute carrier family 26, mem-
ber 3 (SLC26A3) — a gene that is known to cause a con-
genital chloride-losing diarrhoea — was identified in a
child originally suspected to have a different diagnosis
of Bartter syndrome®. Similarly, exome sequencing was
used to discover a novel Cys203Tyr variant in X-linked
inhibitor of apoptosis (XIAP) in a young boy with severe
inflammatory bowel disease in whom a definitive diag-
nosis was elusive, despite a comprehensive evaluation®.
Mutations in XIAP are a known cause of X-linked lym-
phoproliferative syndrome type 2 (XLP2), but severe
colitis is an unusual symptom of XLP2. Furthermore,
the diagnosis of XLP2 suggested a specific course of
treatment (namely, allogeneic haematopoietic progeni-
tor cell transplant) that had not been considered pre-
viously and appears to have been, at least in the short
term, successful. These examples and others** provide
proof-of-concept that exome sequencing can be used as a
clinical tool for evaluating patients with an undiagnosed,
although not entirely unexpected, genetic illness.

A major challenge for clinicians is making a specific
diagnosis in individuals with novel phenotypes or
those with phenotypes that are difficult to differenti-
ate into aetiologically distinct categories (for example,
autism or global developmental delay). Recent applica-
tions of exome sequencing to identify de novo variants
in children with idiopathic intellectual disabilities* and
children with sporadic autism*” suggest that such phe-
notypes could be tractable to genome-wide screening
for protein-coding variants that are predicted to have
deleterious effects.

Screening. Many genetic disorders are screened for
before conception, before birth or in the newborn period.
Approaches based on next-generation sequencing have
proved to be capable of detecting fetal aneuploidies
using free fetal DNA isolated from maternal plasma®>*°
and have proved to be useful for carrier screening of
several hundred genes that are known to cause rare
recessive Mendelian disorders®. The extent to which
exome sequencing can offer even more comprehensive
screening or risk profiling for common, complex diseases
remains to be explored®®*. However, for some disorders
(for example, phenylketonuria), biochemical or enzy-
matic assays are more highly correlated with clinical pres-
entation or outcome than they are with the genotype®.
Screening via exome or genome sequencing will therefore
probably always have some limitations.

Challenges. Widespread, useful, convenient and cost-
effective use of exome sequencing — and eventually
whole-genome sequencing — for clinical diagnosis
or screening will necessitate overcoming a number of
major challenges that currently limit broad applicabil-
ity®". These challenges can be divided into those that are
related to technical considerations and those that pose
challenges to implementation.
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Figure 3 | Estimated probability of identifying a
single causal gene for a monogenic disorder under
a discrete filtering framework. The plot shows the
probability (P; y axis) of identifying a single causal gene
when exome sequencing is applied to a series of
unrelated cases. Common variants are removed from
consideration and causative variants are assumed to be
protein-altering. Cases are sampled from 772 deeply
sequenced exomes (from individuals of European
ancestry) with 100 bootstrap replications per data point,
and the remaining individuals are used as controls for
defining the minor allele frequency (MAF) of individual
variants. The graph shows how power increases with
sample size. Estimates are shown for a maximum

MAF =0.001 versus a maximum MAF =0.01 under a
recessive (REC) or dominant (DOM) model.

There are several technical hurdles, but work that is
aimed at overcoming them is proceeding at a rapid pace.
First, sequencing and assembly will have to be highly
accurate to avoid misdiagnosis. Second, algorithms
for annotating variants will need to be automated, and
approaches for characterizing the functional impact
of rare and novel variants will have to be improved®.
Relevance to disease-related risk will require com-
parison to a well-curated catalogue of variants that
are known to influence risk of disease. General data-
bases, such as the Human Gene Mutation Database
(HGMD), and locus-specific databases are currently
used with caution. Efforts are therefore underway to
create comprehensive collections of validated associated
variants (for example, the Human Variome Project)®.
Nevertheless, it is clear that for the immediate future, a
sizable fraction of the variants discovered in any given
individual will need to be considered as variants of
unknown importance®®*®*. Third, strategies for inter-
preting the use of variants (for example, clinical, repro-
ductive or personal use) in a broad range of contexts
(for example, for estimating the prior probabilities of
disease based on exposure to environmental risk fac-
tors) need to be developed and tested®. Last, standards
and guidelines for exome or whole-genome sequence
testing and reporting in clinical laboratories will need
to be established®.
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Box 3 | Power of two-sample tests for detecting novel variants in the same gene

Two-sample tests are useful in cases in which locus
heterogeneity and/or non-negligible false-negative
rates are present. In these situations, it can be
impossible for discrete filtering to narrow down the
variants to a single candidate. Two-sample tests that are
applicable are Fisher’s exact test and the two-sample t
test. The tests are applied on a per-gene basis to a
sample of cases and a sample of controls, counting
either the proportion of subjects having a deleterious
variant in the tested gene (for Fisher’s exact test) or
the total number of rare deleterious variants in that
gene for each sample (for the t test). Except for Fisher’s
exact test, permutation testing is used to derive
P values, given the non-normal distribution of the
data and small sample sizes; correction for testing
multiple genes must also be done.

We determined the power of Fisher’s exact test (blue
line) and the t test (red line) to detect a causal gene, G,
under locus heterogeneity with sample sizes of 10 cases

The speed at which the challenges related to imple-
mentation are overcome will probably determine the
pace at which genomic sequence information is used for
personalized care and the breadth of its use. However,
application in a stepwise fashion that focuses first on
testing for all known Mendelian disorders, for example,
will facilitate the introduction of sequence information
for diagnostic use and should be instructive for its appli-
cation to common diseases. Perhaps the greatest chal-
lenge will be to determine the specific scenarios in which
personal exome or whole-genome data provide benefits
to prevention or clinical management (for example,
diagnosis and treatment) that are substantial enough to
justify the costs. A second challenge is the need to train
health-care providers to incorporate genomic informa-
tion into their practice. On this same point, given that
there are only about 3,000 genetic counsellors in the
United States and Canada (K. Dent, personal commu-
nication, US National Society of Genetic Counselors), it
is unclear how the volume and scope of the results from
exome and whole-genome sequencing will be effectively
communicated to an individual. Furthermore, the inter-
pretation of information will change over time as new
risks are reported and others are refuted, as the magni-
tude of risks change and as interactions among variants
and interactions with environmental factors are discov-
ered. Despite all of these challenges, we are optimistic
that exome sequence information, and eventually whole-
genome data, will eventually become part of the routine
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and 50 controls (controls can be obtained from publicly available exomes from individuals whose ethnicity is matched to
that of cases). We also compared results for the test of Madsen and Browning that was developed for complex disease
settings and that modestly down-weights variants with higher frequency (green line). The simulation assumed a rare
dominant disease with prevalence of 1in 100,000 and a penetrance of 0.80. Rare, non-disease-causing variants occur
with a frequency equal to the disease-causing variants. The proportion of cases caused by variants in G was then varied
to assess the effect of locus heterogeneity on power. The critical value of the power was set at 5 x 107, allowing one
false positive in 20,000 tests. The results show: a degradation in power as heterogeneity increases; that the Fisher’s
exact test is considerably less powerful than the t test; and that the weighting of the Madsen and Browning test provides
no power gains. For example, power is approximately 75% for the t test when 60% of cases are caused by the tested
gene. Note that this situation can also be interpreted as a false-negative rate of 40%. (Power is 99% in this situation
when 30 cases and 100 controls are used; results, not shown, from M.J.B., S.B.N., AW.B., H.K.T,, M.J.E., D.AN. and ].S.).

clinical evaluation of all persons suspected of having a
genetic disorder and may eventually be used to provide
personalized health-care profiling.

Ethical considerations

The use of exome sequencing for disease gene discovery
generates new manifestations of several long-standing
ethical issues in human genetics research. Two areas of
research ethics that require consideration in particular
are the limitations of the current consent process and
management of individual research results. There are
several other important ethical issues that should be
considered in the context of exome-sequencing stud-
ies, but these are beyond the scope of this Review. They
include issues surrounding data sharing, the return of
test results to individuals over time and the necessity
of Clinical Laboratory Improvement Amendments
(CLIA) validation of exome-sequencing protocols.

Informed consent for exome sequencing. There are sev-
eral important ethical challenges in exome-sequencing
research related to informed consent. Many studies that
incorporate exome sequencing may use banked samples
collected using consent documents that did not specifi-
cally anticipate, let alone describe, exome sequencing.
This raises questions about what type of information is
needed to make informed decisions about participation
in exome-sequencing research and whether and how this
information differs from standard information about the
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Incidental findings

Findings that are not explicitly
related to the original research
hypotheses (that is, primary
findings).

risks and benefits of genetic research. In many cases, the
answers are complex and contextual. Furthermore, in
many ways, the goals of exome sequencing are similar
to the targeted sequencing approaches already applied
in genetic analysis. However, there are possible risks that
can be considered.

First, exome-sequencing approaches increase the
chance of uncovering clinically useful results that are
unrelated to the primary aim of the study (for example,
identification of a disease gene). The need to describe
the increased chance of returning results to the tested
individual will need to be balanced with the desire to
avoid unrealistic participant expectations and potential
therapeutic misconception about possible benefits of
participation. Second, the risks of sharing individual-
level genotype or raw sequence data from exome-
sequencing studies in databases such as dbGaP may
differ from GWAS data. These risks should be assessed,
as such information is essential for the development of a
set of appropriate data-sharing policies and protections.

Return and management of results. Researchers and
policy makers continue to struggle to develop a frame-
work and guidelines for the return of results from
genetic studies. Although there is not a clear consensus,
several practices have emerged that generally minimize
the need to return results unless: they are identified
in the course of routine research analysis; they have been
validated; and they are determined to be clinically useful
and to be actionable. The details of how the terms ‘clini-
cally useful’ and ‘actionable’ are defined, and by whom,
remain under dispute and are generally approached on
a case-by-case basis®”s.

Exome sequencing also challenges existing assump-
tions for the return of results, particularly regarding
the nature of so-called ‘incidental findings’ (REF. 69). As a
major aim of exome sequencing — unlike more targeted
approaches — is to identify all variants in an exome, it
cannot be assumed that few, if any, clinically important
or actionable results will be identified in the course of
routine research. Instead, exome sequencing identifies
clinically useful results that could currently be identi-
fied through targeted genetic testing. Therefore, it is
no longer a question of whether clinically useful results
will be found in any research participant, but rather how
many such results will be identified in each participant.

Given the new realities of exome sequencing,
researchers who consider returning results will have to
contend with several major issues. First, they will need
to identify ‘known’ variants that are associated with
health-related traits and interpret their clinical impor-
tance. Second, they will need to consider what kinds of
health-related results (for example, carrier status, cancer
predisposition or drug response) to return to participants.
Researchers should place highest priority on results that
fall under the category of ‘duty to warn’ surrounding
health and disease risk®. Third, researchers will need to
consider participant expectations about re-contact and
develop an ethically appropriate, context-specific plan for
the return of results. Finally, whereas the return of results
by conventional means (for example, face-to-face genetic
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counselling) is the gold standard, it is also expensive,
especially given the added cost imposed by returning a
larger number of results.

Although exome sequencing will identify a much
larger number of clinically useful results than other
genetic research approaches, it does not follow that
there ought to be a mandatory review and return of all
such results to participants in all studies. The decision
about whether and how to return results must take into
account factors such as the commitments made at the
time of informed consent and the resources available
both to analyse variant data and to confirm and return
results responsibly on a large scale”.

Future directions

Because of our poor ability to make sense of non-coding
variation, the analytical components of most ‘whole-
genome’ studies have disproportionately focused on
variation within the exome. As the cost of sequencing
continues to fall, the field will probably gradually move
from exome to whole-genome sequencing”. However,
taking advantage of these more comprehensive data for
disease gene discovery and molecular diagnostics in
patients crucially depends on the development of analyti-
cal strategies for making sense of non-coding variation.
This is as much an opportunity as it is a challenge.

There are several specific areas in which focused
efforts are likely to advance the field substantially. These
include, first, the proper curation of phenotypes, par-
ticularly in the context of Mendelian disorders. To this
end, there are hundreds, perhaps thousands, of poorly
defined familial phenotypes that are rare or unique.
Development of repositories in which descriptive infor-
mation about such phenotypes and an accompanying
DNA sample could be banked by clinicians from any-
where in the world would facilitate both delineation of
new Mendelian disorders and discovery of the underly-
ing genes. Second, we need improved technical, statisti-
cal and bioinformatic methods for: reducing the rate
of false-positive and false-negative variant calls; calling
indels; prioritizing candidate causal variants; and pre-
dicting and annotating the potential functional impact
for disease gene discovery or molecular diagnostics.
Third, to realize fully the potential of sequencing for
clinical diagnostics and personal genomic profiling,
we need to address the challenges posed by ethics and
policy issues. Nevertheless, exome and even genome
sequencing are likely to be introduced in the clinical
setting before these challenges are fully resolved owing
in part to their ability to facilitate diagnosis and inform
therapy™.

In the immediate future, and at a small fraction of
the cost per disorder compared to conventional discov-
ery strategies, the power of existing approaches should
enable the identification of the genes underlying a large
fraction of all known Mendelian disorders that are cur-
rently unsolved. Identifying a candidate gene (or genes)
for every recessive disorder using as few as one affected
individual per disorder is a realistic goal at present.
Solving all dominant disorders will be more difficult,
but is increasingly tractable with technical and analytical

NATURE REVIEWS ‘ GENETICS

VOLUME 12 [NOVEMBER 2011 | 753

© 2011 Macmillan Publishers Limited. All rights reserved




REVIEWS

improvements that should take place over the next sev-
eral years. From our perspective, solving all Mendelian
disorders should be an imperative for both the human
genetics community and funding agencies, as such dis-
coveries will be of enormous service to families while
also providing novel entry points for the investigation
of the mechanisms underlying the development of dis-
ease. Solving the remaining several thousand Mendelian
disorders by these new methods will require an unprec-
edented degree of cooperation and coordination in the
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