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Rapid Review

Exome sequencing: a transformative technology 
Andrew B Singleton

Summary
Background Much basic research into disease mechanisms has made use of genetic fi ndings to model and understand 
aetiology. Broad success has been achieved in fi nding disease-linked mutations with traditional positional cloning 
approaches; however, because of the requirements of this method, these successes have been limited by the availability 
of large, well characterised families. Because of these and other restrictions the genetic basis of many diseases, and 
diseases in many families, remains unknown.

Recent developments Exome sequencing uses DNA-enrichment methods and massively parallel nucleotide sequencing 
to comprehensively identify and type protein-coding variants throughout the genome. Coupled with growing databases 
that contain known variants, exome sequencing makes identifi cation of genetic mutations and risk factors possible in 
families and samples that were deemed insuffi  ciently informative for previous genetic studies. Not only does exome 
sequencing enable identifi cation of mutations in families that were undetectable with linkage and positional cloning 
methods, but compared with these methods, it is also much quicker and cheaper. Use of exome sequencing has so far 
been successful in many rare diseases.

Where next? Exome sequencing is being adopted widely and we can expect an abundance of mutation discovery, 
similar to the deluge of genome-wide-association fi ndings reported over the past 5 years; it is expected to enable the 
discovery of not only rare causal variants, but also protein-coding risk variants. This method will have application in 
both the research and clinical arenas and sets the scene for the use of whole-genome sequencing.

Introduction
Progress towards a full resolution of the genetic basis of 
disease is being substantially aided by a fast-moving 
technological development, exome sequencing. This 
method promises to speed up discovery of the genetic 
causes of disease in both the research and the 
clinical setting.

The method of exome sequencing has been covered 
elsewhere.1 Although several methods exist, they all use a 
similar principle: reducing a genomic DNA sample to 
one that is enriched for the protein-coding regions of the 
genome (exons), followed by very high-throughput 
sequencing of the exon-enriched sample (fi gure). In 
short, this is a method for rapidly identifying protein-
coding mutations, including missense, non-sense, splice 
site, and small deletion or insertion mutations. 

Exome sequencing uses second-generation sequencing, 
which generates sequence data from hundreds of 
millions of short DNA fragments in parallel. The 
sequencing of input libraries is, to all intents and 
purposes, random; each of the fragments that happens to 
be in the DNA library and is applied to the sequencer has 
about an equal chance of being sequenced. Thus, 
directive sequencing of specifi c DNA fragments is 
determined by creating a DNA library solely consisting 
of, or enriched for, the DNA regions of interest. In the 
context of exome sequencing, this target selection is done 
with one of several enrichment products, each of which 
is intended to produce a DNA sample in which the 
content consists of the protein-coding and regulatory 
regions of the genome. This method has some limitations: 
fi rst, coverage of regions of interest is not complete. In 
early experiments about 8% of the regions of interest 

were not captured by the enrichment strategy,2 and 
although the coverage has improved, it will probably 
never reach 100%; second, at present, this method is not 
useful for identifying repeat mutations (such as triplet 
repeats in spinocerebellar ataxia); and third, copy number 
variants are diffi  cult to detect with exome sequencing. 
However, in view of the distribution of variants, exome-
sequencing remains an effi  cient way to identify most 
mutations altering protein sequence in any single DNA 
sample. Although exome sequencing is quite new to the 
market, it has been rapidly adopted by the research 
community.

In this Rapid Review, I aim to review the likely use and 
success of exome sequencing in research and clinical 
settings.

Mendelian disorders
The primary successes for exome sequencing have been 
in fi nding mutations that cause rare, familial forms of 
disease. The strength of this approach lies in the 
comprehensive discovery of protein-coding variants 
throughout the genome. This means that DNA samples 
collected from small families and isolated aff ected 
individuals, which could not be used for mutation 
identifi cation through traditional linkage and positional 
cloning, can now be used to discover mutations that 
cause disease. 

Exome sequencing of a DNA sample from a single 
individual will typically reveal about 25 000 variants; the 
challenge then lies not in fi nding variants, but in 
identifying the particular mutation responsible for disease. 
A common subsequent step, when looking for extremely 
rare causal mutations, involves fi ltering against variants 
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known to exist in the general population, because these 
variants are unlikely to cause disease. Genome-wide 
association studies (GWAS) have shown that generation 
of large, accessible, reference datasets is an economical 
way to produce control data,3 which is a model that is 
being emulated in exome sequencing. The most broadly 
used reference panel for exome sequencing is the data 
derived from the 1000 Genomes Project, an initiative that 
will ultimately involve the sequencing the genomes of 
about 2500 individuals.4 The aim of this project is to 
provide a comprehensive resource on human genetic 
variation across a large series of individuals. Filtering the 
25 000 or so variants identifi ed in a single sample against 
the 1000 Genomes data and the Single Nucleotide 
Polymorphism database (dbSNP) variants typically reduces 
the list of candidate mutations down to about 700. Further 
fi ltering steps often include removing variants that do not 
appreciably alter aminoacid sequence, do not fi t with the 
mode of disease inheritance, do not segregate with disease 
(in families), and that are predicted computationally to 
have minimal consequences in terms of protein structure. 
This formulaic approach to reducing the size of a candidate 
list of variants to defi ne the causal variants has proven 
successful in many diseases,2,5–22 as in the identifi cation of 
mutations that cause Parkinson’s disease,23,24 for example.

As more sequence data accumulate in the public domain, 
the list of candidate variants after fi ltering will decrease, 
but with this the likelihood of erroneously fi ltering out a 
disease-causing mutation increases. Such an error is 
perhaps less likely in very young-onset severe diseases, but 
probably quite likely in later-onset diseases, diseases with 
benign phenotypes, or those with mutations that have a 
low penetrance. Mutation carriers who are too young to 
express disease, who do not show symptoms because of 
decreased penetrance, or who have a phenotype that might 
not be noticed could be sequenced and have their data 
deposited in reference panels. Furthermore, some (perhaps 
all) reference data are associated with very limited 
phenotypic data, so patients with, or who will get, common 
diseases are likely to be included but not identifi ed.

Beyond Mendelian disorders
There is increasing interest in taking advantage of the 
power of exome sequencing in diseases that do not 
exhibit a simple Mendelian mode of transmission. 
Exome sequencing has particular potential in diseases 
caused by non-inherited or de-novo mutations. Typically, 
this potential can be achieved with complementary 
approaches: the fi rst, and most simple, is to sequence a 
group of cases suspected to have disease-causing de-
novo or non-inherited mutations and look for a gene 
that is commonly mutated; the second, and perhaps 
more compelling approach, is to sequence parent-
aff ected child trios to establish the variant(s) that are 
present only in the aff ected children. De-novo and 
mosaic mutations were particularly resistant to previous 
eff orts aimed at gene localisation and identifi cation. In 

this context, exome sequencing will not only help 
identify novel genetic causes of disease, but could also 
show that de-novo mutations are a more common cause 
of disease than previously expected. Some success in 
identifying these mutations has been seen with exome 
sequencing for varied diseases, including several 
malformation and mental retardation disorders, and 
most recently Proteus syndrome.11,17,25–27

In diseases with a complex genetic component, exome 
sequencing is used to identify variability in protein-
coding regions that alters risk for, rather than causes, 
disease. Many examples of this type of coding risk variant 
exist, although generally those that have been discovered 
so far are common variants and thus detectable with 
GWAS, or were identifi ed through positional and 
functional candidate-based screening strategies. Classic 
examples include APOE in Alzheimer’s disease, CFH in 
age-related macular degeneration, and GBA/LRRK2 in 
Parkinson’s disease.28–32 The power of exome sequencing 
is that it will allow the identifi cation of common protein-
coding risk alleles and, with suitable statistical power and 
study design, the identifi cation of rare risk alleles. This 
latter approach centres on a complicated analytical design 
that involves assessment of the collective burden of 
multiple risk alleles at a locus. Although this approach 
remains largely unproven, initial work in epilepsy 
suggests that this method can reveal complex relations 

For more on the 1000 Genomes 
Project see http://
www.1000genomes.org/

For the Single Nucleotide 
Polymorphism database see 
http://www.ncbi.nlm.nih.
gov/SNP/
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between established disease-associated variants, and 
enable risk-prediction modelling.33

Challenges and opportunities
Exome sequencing, and also genome sequencing, will 
probably have a substantial eff ect in the clinical setting, 
beyond the identifi cation of genes that were previously 
not known to contain disease-causing mutations. In the 
context of genetic testing, instead of screening an 
inherently limited panel of genes for a specifi c set of 
diseases, why not just sequence the whole exome? This 
method opens the door to many possibilities—eg, rapid 
genetic diagnosis and screening, when known disease-
causing mutations are detected, and an inevitable 
expansion of the phenotypic range of diseases associated 
with specifi c mutations or mutations in specifi c genes. 

Exome sequencing has already proven its worth in 
rapid genetic diagnosis and screening; for many 
neurological diseases, which have a long list of candidate 
genes and loci, identifi cation of mutations by exome 
sequencing is often cheaper and quicker than it is by 
traditional sequencing approaches. For many diseases 
with a high degree of genetic heterogeneity, screenings 
are often designed to catch only the most common 
mutations or alterations in the most frequently mutated 
genes. Montenegro and colleagues34 showed the power of 
exome sequencing in exactly this situation, with the 
analysis of a family with Charcot-Marie-Tooth disease. 
Rather than screening the 35 genes known to contain 
mutations causing this disease, the investigators used 
exome sequencing in two aff ected family members; with 
these data they were able to identify GJB1 mutations as a 
cause of Charcot-Marie-Tooth disease in this family. This 
case is also illustrative: a GJB1 mutation would have been 
ruled out for screening because of a reported male-to-
male inheritance, incompatible with a mutation of this 
gene, which lies on chromosome X. The use of exome 
sequencing probably saved time and money in reaching 
a genetic diagnosis. The increasing adoption of exome 
sequencing in the research setting means that these data 
are becoming easier to process and analyse, in addition 
to becoming much cheaper to generate; many laboratories 
are now able to generate an exome for less than US$1500 
a sample. When compared with the costs and time 
required for conventional screening, such a 
comprehensive approach represents value for money. 
Despite still being a new technology, exome sequencing 
in genetically heterogeneous neurological diseases has 
already been used to identify TECR mutations in non-
syndromic mental retardation,8 WDR62 mutations in 
severe brain development malformations,35 TGM6 
mutations in ataxia,21 and a WRN mutation in atypical 
Werner’s syndrome.36

As mentioned above, exome sequencing is likely to 
help with identifi cation of mutations in genes previously 
linked to disease but associated with a phenotype distinct 
from the one being tested, as shown with the identifi cation 

of VCP mutations as a cause of amyotrophic lateral 
sclerosis (ALS).13 Johnson and colleagues13 had used 
exome sequencing to identify the genetic lesion 
responsible for an autosomal dominant form of ALS in a 
large pedigree from Italy. Surprisingly, VCP mutations, 
including the same aminoacid change identifi ed in this 
ALS kindred, had previously been linked to Paget’s 
disease, inclusion body myopathy, and frontotemporal 
dementia. Therefore, this fi nding broadened the clinical 
and pathological phenotype of VCP mutations to include 
ALS and TDP-43 inclusions. Notably, further work by this 
group showed that VCP mutations substantially 
contribute to the cause of familial ALS, being responsible 
for about 2% of cases in this group.13 As this work shows, 
broadening the phenotype associated with mutations has 
the potential to provide information on the aetiological 
basis of disorders by uniting what is known about the 
biological underpinnings of apparently unrelated 
disorders into a single model.

One might also predict that as exome data accumulate, 
our understanding of the role of mutations in disease 
will improve. Exome data will not only help to identify 
pathogenic variants, including those of previously un-
known or equivocal pathogenicity, but it will also help to 
determine penetrance, expressivity, and prevalence of 
mutations in specifi c populations. Related to the notion 
of penetrance, in the sequencing of normal individuals 
we might expect to fi nd variants that were previously 
thought to cause fully penetrant disease, and these data 
will call into question the pathogenicity of some published 
variants. Recent research describing the high phenocopy 
rate in families with apparently monogenic Parkinson’s 
disease has shown that even in families with an apparently 
simple monogenic cause, confounding genetic, 
environmental, or stochastic factors probably aff ect 
presentation and penetrance.37 Intro duction of exome 
sequencing will raise many questions and often reveal an 
apparently confusing relation between genetic variants 
and disease, but, with time, accumulating data will help 
to bring resolution to many unanswered questions about 
clinical-genetic relations. 

One clinical challenge that is specifi c to comprehensive 
genetic approaches comes with the inevitable discovery 
of mutations unrelated to the disorder in question. These 
secondary fi ndings will be common in exome sequencing, 
and indeed one of the fi rst publications on exome 
sequencing, which sought to identify mutations for 
Miller syndrome, also described the identifi cation of 
mutations causing ciliary dyskinesia within the same 
family.18,38 The questions then arise as to what a clinician 
should do when they identify a mutation of proven or 
even potential clinical relevance and how the disclosure 
of these mutations should be handled. These are not 
necessarily simple issues, especially when considering 
the confounding factors and problems such as disclosing 
carrier status, non-paternity, reduced penetrance, 
absence of viable treatment options, and interpretation 
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of risk factors. As has been argued previously,38 these 
issues will require thoughtfully constructed research 
and continuing education of both health-care providers 
and the general public.

Where next? 
Some hold the view that there is little purpose in fi nding 
new genetic causes of disease because we have made 
little progress in understanding the consequences of the 
mutations that we already know about. However, 
examples of gains in knowledge from the identifi cation 
of genes suggest that this argument is ill-founded; for 
instance, the role of amyloid processing in Alzheimer’s 
disease was indicated by the discovery of APP, PS1, and 
PS2 mutations.39 This view also does not take into account 
non-research aspects of mutation identifi cation, especially 
our responsibility to fi nd a cause of disease for patients, 
most of whom desire a diagnosis even if it does not come 
with a treatment. Moreover, this logic centres on the idea 
that aetiology-based therapies are not likely to be 
developed or are not important, or both, because such 
therapies would need to be grounded in a complete 
understanding of the disease process. Such an 
understanding requires the foundation of knowledge 
provided by defi ned disease-initiating events. This 
highlights a philosophical diff erence between those who 
believe in something of a systems-based approach, 
whereby the more information (genes) we have to put in 
a model, the more reliable and complete is our 
understanding of the network implicated, and those who 
believe in a more reductionist approach to science, 
whereby the consequences of a single perturbation to a 
system should be studied one by one. However, even a 
truly reductionist approach would allow the separate 
study of perturbations in several genes and a subsequent 
search for overlap in the network of downstream eff ects. 
In either case, the more genes that we can link to a 
disease entity, the more complete our understanding will 
become of the aff ected systems and the probable 
consequences of therapeutic interventions directed at 
those systems.

A second argument against applying exome sequencing 
seems to revolve around the notion that a better genetic 
technique will be developed soon. Many genomic 
technologies are indeed transient in nature, and exome 
sequencing is probably no exception. The next logical 
step, taking us to whole-genome sequencing, off ers the 
advantages of comprehensive genomic coverage, easier 

identifi cation of structural genomic mutations than with 
conventional sequencing, and no intervening library 
enrichment steps. Factors inhibiting this transition are 
the high price and large analytical burden (about 
100 times the data of an exome). Critics have suggested 
that assessment of non-coding sequences is associated 
with too much uncertainty and at too high a price to ever 
make whole-genome sequencing viable; however, per 
base-pair costs for genomic technologies continue to 
drop precipitously and scientists have never stayed away 
from large datasets for much time. Clearly, as both the 
cost and analytical limitations decrease, whole-genome 
sequencing will become the dominant technology. 
Indeed, this method has already been successful in the 
identifi cation of genetic perturbations underlying 
disease, including the identifi cation of a novel cause of 
Charcot-Marie-Tooth disease.40–43 In view of this success, 
it might be reasonable to ask why we should not skip 
exome sequencing and wait for whole-genome 
sequencing to be more widely available. My view on this 
is simple: we cannot aff ord to wait. We are in a race to 
cure diseases. We know exome sequencing works, and it 
is aff ordable. The earlier we make genetic fi ndings, the 
earlier we can begin to integrate these discoveries into 
an understanding of the disease process. This surely 
places us on the road towards aetiology-based therapies 
sooner and with a more complete set of analytical 
methods. 
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