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Abstract

Exome sequencing has recently been elevated to the standard of care for genetic diagnostic testing,
particularly for genetically diverse and clinically heterogeneous disorders. This review provides a
clinically oriented discussion of the next-generation sequencing technology that makes exome
sequencing possible and how such technology is applied to the diagnosis of Mendelian disease,
including clinically significant de novo variation, interpretation of variants of uncertain clinical
significance, the future potential for genetic assessments of disease risk, and the substantial
benefits in diagnostic efficiency. Important caveats are also discussed, including the implications
of incidental or secondary findings detected during exome sequencing, and the relationship of
exome sequencing to other methods of clinical genomic testing, such as chromosomal microarray
and genome sequencing. Overall, the widespread adoption and use of exome sequencing in routine
clinical practice is expected to improve diagnosis rates and reduce test costs, while leading to
improvements in patient outcomes and a renewed emphasis on disease management.
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The challenge of modern genetic testing

Within the last decade, it has become essentially impossible to ignore the impact of genetic
disease on the practice of neurology and psychiatry. Virtually all of the major common
neurologic and psychiatric disorders have been shown to possess some degree of significant
heritability,! and the number of rare familial or private Mendelian causes of both common
and rare phenotypes has risen considerably. A current search of the Online Mendelian
Inheritance in Man database? reveals over 2100 disorders with a neurologic phenotype and
an established genetic etiology. Such daunting numbers constitute a significant challenge for
the physician in general or specialty practice, as they give a sense of the truly vast diagnostic
dilemma that patients currently face. Further, while most general or subspecialty physicians
should not be expected to perform as geneticists, the need for complex genetic testing in a
potentially large segment of the clinical populace demands a new paradigm in clinical
evaluation. To meet this challenge, the incorporation of new technology allowing for rapid
and inexpensive (next-generation) DNA sequencing has enabled vast improvements in the
rates of genetic diagnosis with considerable savings to the patient and the physician in terms
of cost and time. The most clinically relevant application of next-generation sequencing in
current practice is in the sequencing of the exome, the approximately 1% of the human
genome that codes for proteins and where the majority of mutations currently known to
cause genetic disease are found.13-5 In this review we will discuss the methodology and use
of next-generation sequencing in routine practice, emphasizing awareness of important
clinical caveats and highlighting the advantages this technology brings to the diagnostic
evaluation in complex hereditary disease.

Next-generation sequencing

Published by Frederick Sanger in 1977,% Sanger (also known as chain-termination)
sequencing has been the most commonly used DNA sequencing method for decades and is
still considered to be the gold standard methodology in molecular diagnostic laboratories.
Sanger sequencing, accompanied by the automated capillary sequencing instrument, was the
main technology used in the Human Genome Project’ completed in 2001.8 It took roughly
$2.7 billion and 13 years to complete the Human Genome Project primarily because Sanger
sequencing has significant limitations, including the number of samples that can be
sequenced in parallel and a high cost per base sequenced (~$10/kb). These limitations
stimulated efforts to develop less-expensive and higher-throughput sequencers, and a new
chapter in DNA sequencing technology began in 2005 when the first next-generation
sequencing (NGS) instrument by 454 Life Sciences (purchased by Roche in 2007) was
introduced to the world.® The following year, Solexa (later purchased by Illumina) released
the Genome Analyzer, and Agencourt (initially purchased by Applied Biosystems, then by
Life Technologies) released the SOLiD (Sequencing by Oligo Ligation Detection).10 Other
companies, such as Complete Genomics, Pacific Biosciences, and Helicos Biosciences, also
released NGS instruments, but the first three companies currently market the most widely
used systems with ongoing improvements in read length, sequencing speed, and accuracy.
NGS technology has now advanced to the point where the entire human genome can be
sequenced in approximately 2 days for under $3000 (~ $0.001/kb), and this cost continues to
decline. Table 1 illustrates the versatility of next-generation sequencing for diagnostic
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testing, while Table 2 summarizes the specifications and applications of the current leading
NGS systems in the clinical marketplace.

Typical NGS library preparation involves generating small fragments of DNA to which
universal adaptors are ligated in order to simultaneously amplify the smaller
oligonucleotides and sequence the fragments. For genome sequencing, genomic DNA can be
randomly sheared to generate small fragments (Fig. 1). However, both exome sequencing
and targeted sequencing require an additional step of capturing the genomic regions of
interest. When NGS became available, a technology that allows simultaneous amplification
of multiple genomic loci became crucial. Earlier attempts used target-specific primers to
amplify selected regions, enrich for the amplified products, and further amplify the enriched
products with universal primers.11-13 However, these methods were labor intensive and
subject to failure due to primer multiplexing. To overcome these challenges, a method using
short oligonucleotide microarray-based capture was developed.14-16 This evolved into an in-
solution hybridization method using RNA- or DNA-based baits, and is currently the most
commonly used method in commercially available capture kits. Different versions of capture
kits vary by probe design and, accordingly, depth of coverage.1’ In general, GC-rich regions
are harder to capture and sequence, and hence many first exons do not get sequenced to
comparable levels as other exons. Probe designs have further evolved, and the most suitable
capture kit should be selected depending on the specific need. For example, some of the
capture Kits target only the coding regions of the genome, while others also target the
untranslated regions (UTRs). Additionally, some of the kits focus on covering clinical genes
(i.e., those known to cause rare Mendelian disorders) better than genes that are not
associated with any human disease.

Analysis of next-generation sequencing data

The data analysis workflow for exome (or genome) sequencing is shown in Figure 1.
Although the overall workflow is generally standard across different laboratories, it is
important to note that key differences in bioinformatic algorithms, software versions, and
other proprietary methods of analysis can (and do) vary; accordingly, a percentage of rare
variant calls can differ between any two laboratories, leading to differing technical reports
and, possibly, alternate clinical interpretations (discussed further below). The general
bioinformatics pipeline for analyzing NGS data involves aligning the short sequence reads to
the reference genome, marking potential PCR duplicates, fine tuning the alignment, and then
calling the variants. Once the variants are identified, they are annotated with enriched
information about the variant and its gene collected from databases such as OMIM (Online
Mendelian Inheritance of Man database; http://www.omim.org/), HGMD (Human Gene
Mutation Database; http://www.hgmd.org/), EVS (Exome Variant Server database; http://
evs.gs.washington.edu/EVS/), and EXAC (Exome Aggregation Consortium database; http://
exac.broadinstitute.org/), among others. (More comprehensive lists of these and other
recommended databases are available from the American College of Medical Genetics and
Genomics (ACMG).18) Annotated variants are then filtered according to the inheritance
pattern (if known, or if parents and/or other family members were sequenced simultaneously
with the patient), minor allele frequency of the variants, and evidence of association with
rare human disorders. Sequencing unaffected parents along with the patient allows
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identification of de novo variants and phased compound heterozygous variants, significantly
reducing the number of variants that have to be examined and increasing the diagnostic rate,
particularly for recessive disorders.*

Quality control of next-generation sequencing data

Quality control (QC) is especially important in clinical laboratories and for NGS testing;
accordingly, multiple QC checkpoints exist throughout preparation of the sequencing library,
the actual sequencing, and the data analysis and interpretation. Even though the test is highly
complex, the results are extremely consistent across samples within a test center, as long as
the same protocol is followed throughout. In the rare instances of a data problem, it is
relatively easy to identify samples that are outliers,* and most laboratories repeat such
samples. Common practice for handling outlier samples would be to acquire a new blood
sample and reprocess the entire test. Some of the common QC checkpoints are shown in
Figure 1.

Clinical variant reporting and challenges

Variant reporting for single-gene testing is typically straightforward, with most laboratories
choosing to report detection of all pathogenic variants, variants of uncertain clinical
significance, and benign variants. In these cases, the number of variants detected is usually
relatively small (often 1-5 per gene). However, as the size of the target increases, the
likelihood of finding additional variants increases as well. Therefore, for next-generation
sequencing—based panels, exomes, and genomes, with the aim of providing a more
meaningful clinical report, laboratories will often choose not to report most of the variants
they detect (including all benign variants, as well as most of the variants of uncertain clinical
significance) and only highlight the ones which they deem most likely to be causal for a
patient’s clinical indications. A number of considerations may affect variant interpretation,
including the suspected mode of inheritance, the class of the potential mutation, the
penetrance and expressivity of the associated disease, and various other factors. For those
select variants of uncertain clinical significance that are reported, each of them may be
shown later to be causal, contributory, or not relevant at all through additional clinical or
research studies. How laboratories perform the process of narrowing down a list of variants
from approximately 20,000 (the total number of coding variants that would likely be
detected from an exome sequence) to the one or two causal variants that will be reported is
based on each laboratory’s specific bioinformatic analysis pipeline. Because a single best
method for identifying a potentially pathogenic variation or relevant variants of uncertain
clinical significance (VUS) has not yet been established, these pipelines can be quite
distinct; as a result, the final clinical reports can vary widely for such variants. It would not
be unexpected to see one laboratory reporting a rare variant that another laboratory may not
even detect or may have excluded from further consideration. This does not reflect on the
quality of a given laboratory or the validity of its findings, only on the methodological
differences and complexities inherent to the interpretation of these forms of genomic testing.
Laboratories should thus be transparent regarding their analytical methods to aid clinicians
and geneticists in detailed interpretation of the full results.
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For those variants that are detected and deemed to be reportable, many laboratories have
chosen to confirm each variant using an orthogonal method (typically Sanger sequencing)
out of concerns over reporting false-positive results, while other groups have chosen to only
confirm low-quality variants before reporting.1® Once the relevant variants have been
confirmed or are of suitable quality, they are often reported in a hierarchical manner, with
the most relevant variants presented at the top of the report. Laboratories are encouraged to
communicate clearly regarding whether a particular reported variant is known or likely to be
pathogenic (and is therefore explanatory for a patient’s condition), or whether it is a VUS
(and additional work should be performed by the ordering clinician in order to strengthen its
causality, such as sequencing the variant in additional affected family members). At this
stage, the ordering clinician may also wish to consult with a clinical geneticist or other
genetics specialist (e.g., neurogeneticist, etc.) to assist with interpretation of the findings
and/or to create an appropriate management plan for the patient.

Utility of clinical exome sequencing in neurologic and psychiatric disease

In recent years, exome sequencing has been effectively utilized to identify novel genetic
causes of a variety of diseases, including neurological and psychiatric disorders.20 This has
proven to be a powerful technique for gene discovery. However, the more immediately
clinically accessible role for exome sequencing is its use as an unbiased approach to identify
mutations in known genes. Several studies, predominantly from large diagnostic sequencing
laboratories, have examined the usefulness of exome sequencing in establishing diagnoses in
patients with suspected underlying genetic disorders. This work has demonstrated a
particularly effective diagnosis rate in patients with neurological disease, as shown in Table
3. The greatest advantage is already being seen with patients presenting with heterogeneous
clinical phenotypes that could result from a wide variety of genetic causes, where exome
sequencing has been endorsed as the standard of care.?122 The unbiased nature of exome
sequencing reduces the impact of disease variability on genetic testing strategies. Clinicians
often struggle with such phenotypic diversity and are challenged to select appropriate
genetic testing for complex cases, which could, for example, represent either the typical
phenotype of an extremely rare genetic disorder or an unusual presentation of a more
common genetic condition. Exome sequencing solves this conundrum by weighing all
disease genes equally and allowing all identified variants to be assessed simultaneously in a
clinical context. In this way, the true phenotypic variability of genetic disease can be
assessed, and there are already examples in the literature of patients identified with
pathogenic variation that would never have been considered for single-gene testing based on
published phenotypes.23-25 This emphasizes an important role for clinical input in
bioinformatic analysis when assessing the likely contributions of novel genetic variation to
disease in a particular patient.#24 This is of particular relevance, as establishing a correct
genetic diagnosis leads to altered management in numerous ways ranging from changes to
medical therapy, implementation of disease-specific preventive care, initiation of

reproductive and genetic counseling, and participation in research and/or clinical
trials.2426,27
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Exome sequencing improves detection of de novo genetic disorders

Incidental

Dominant and recessive inheritance patterns have long been appreciated for the transmission
of single-gene traits. The methods developed for human disease gene discovery were
directed towards identifying disease genes fitting those patterns. Because of this confluence
of ideas and tools, the majority of disease-gene associations discovered before the advent of
clinical exome/genome sequencing matched dominant, sex-linked, or recessive models.

However, there have long been tantalizing clues that sporadic genetic diseases, those
occurring due to de novo DNA variants arising in an affected offspring, play major roles in
medical genetics. One classic example is de novo gain-of-function variants in the FGFR3
gene, which cause achondroplasia (MIM: 9300204).28:2° This disease—gene association was
identified by studying familial forms of the condition, which was possible because
achondroplasia is not genetically lethal. For severely disabling or sterilizing conditions, such
familial forms do not exist, rendering the classic tools of molecular genetics ineffective.

It is also worth noting that sporadic de novo genetic disease can be indistinguishable from
recessive disease when studying family histories. If there is a negative or non-informative
family history with only a single affected individual, either model is plausible. In the case of
affected siblings, recessive inheritance is more likely, although sporadic de novo disorders
have been seen due to parental germline mosaicism in some cases.3? For extremely rare
conditions, it may not be possible to determine the correct genetic mechanism in the absence
of molecular genetic evidence.

Exome or genome sequencing of proband—-mother—father trios enables, for the first time,
genome-wide detection of single-gene de novo variants. This has led to an explosion of new
disease—gene associations, beginning with the molecular characterization of the previously
confounding Kabuki syndrome.3! Clinical cohort studies from across the world have clearly
demonstrated that sporadic de novo gene mutations are a major cause of genetic
disease.#:32:33 Next-generation sequencing has also allowed for the identification of novel
gene-associated syndromes, such as CHD8* and KAT6A.3% Although de novo mutations in
these genes cause neurological symptoms and dysmorphic features, neither causes a
sufficiently specific syndrome to robustly allow for identification of cases without molecular
testing. These disease—gene discovery efforts translate immediately to clinical molecular
genetic testing, providing constant updates to the knowledge base available to analysts
interpreting the results of clinical genome or exome results.

Much like autosomal recessive disorders that can be caused by homozygosity or compound
heterozygosity, dominant diseases should be thought of as caused by heterozygous variants
either inherited from an affected parent or arising de novo in a proband. For dominant
conditions with severe impact on fitness, including those with congenital or early onset
neurological symptoms, de novo mutation may be the only mechanism observed.

and secondary findings detected during exome sequencing

Variants may be detected during the course of clinical exome/genome sequencing that are
not directly relevant to the primary clinical indications of the patient (so called “incidental”
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findings). The ACMG has issued guidelines38 addressing these variants, which initially
recommended that clinical laboratories report any known or suspected pathogenic variants
(such as novel truncating variants) detected in any one of a list of 56 genes without regard to
various factors, such as patient age or indication for testing. However, these guidelines have
since been revised3” to allow patients to opt out of receiving these types of results, and the
term Jncidental findings has been formally replaced by seconadary findings, which reflects a
desire for laboratories to actively search for these types of variants during the course of
clinical testing (as opposed to stumbling upon these variants while reviewing the sequencing
data). While some laboratories have chosen to adhere closely to the guidelines, other clinical
laboratories have chosen to include additional genes, beyond those recommended in the
guidelines, in their incidental/secondary variant analyses, and others have even chosen not to
actively search for these variants at all, keeping them as true incidental findings. Therefore,
physicians who wish to order exome/genome sequencing need to be aware of the possibility
that incidental/secondary findings will appear on the report if a patient has opted to receive
them and are encouraged to closely review the consent form of the providing laboratory to
understand their specific approach to incidental/secondary variant reporting. Most of the
recommended genes involve autosomal dominant cancer predisposition syndromes (such as
the BRCAZ1 and BRCAZ genes that predispose an individual to breast and ovarian cancer);
as an example, in a patient with a pathogenic incidental/secondary variant reported in the
BRCAI gene, referral to an oncologist may be necessary.

Clinical interpretation of variants of uncertain significance

Genomic sequencing methods, while benefiting from an unbiased and comprehensive
evaluation of all genes in the genome, are challenged by the frequent identification of
sequence variation that has never been previously observed. Previously observed variation
can be easily annotated with regard to a likelihood of pathogenicity, given that it is either
rare or common in control populations (either non-diseased or having alternate symptoms/
phenotypes) and has either been seen in similar patients before or not. Novel variation could
represent a rare polymorphism or a disease variant, and this determination cannot be made
by viewing the sequence in isolation.38 Bioinformatic analysis may be helpful, but, as this is
still an inexact science,3%-4! the findings can most often only be used as support for other
lines of interpretation. Segregation of such variation within a family can be helpful in
assessing pathogenicity, but caveats such as penetrance, expressivity, genetic mosaicism, and
other factors may still limit clear identification. The same holds true for observed variation
seen only rarely in control populations (i.e., at frequencies of 1% or less), and one cannot
confidently exclude such variation as being wholly benign.3842 The much overused term
“variant of uncertain clinical significance” is often ascribed to such genetic changes and is
therefore of limited value as a descriptor. In the vast majority of cases, it is most clinically
useful for laboratories (or interpreting bioinformaticists) to establish a line of evidence either
supporting or refuting a given variant as pathogenic, thus enabling clinicians to perform
additional clinical or research evaluations to confirm the status, if such options exist for the
disease in question. Additionally, as more genomic sequencing and variant validation is
performed, the status of these uncertain variants may change, and periodic reassessment of
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exome sequencing results (at the request of the clinician) should be considered for patients
without a definitive diagnosis.

Exome sequencing may aid efforts to assess genetic risk of disease

It is clear that common variants with modest effects can increase the risk for certain
diseases, and that rare variants can cause Mendelian conditions with phenotypes similar to,
or indistinguishable from, common traits. As one example, researchers found that familial
and sporadic Alzheimer’s disease (AD) have similar functional connectivity perturbations,*3
which highlights a degree of indeterminacy in distinguishing the monogenic and polygenic
phenotypes. It was also demonstrated recently that common variants affect the age of onset
of AD.* Thus, for a hypothetical patient presenting with typical onset AD and no family
history, these findings—combined with the appreciation of sporadic de novo genetic
disease—raise the complex possibility that the patient may actually carry a de novo
monogenic mutation predisposing him/her to early onset AD but with a common variant
profile that leads to delayed disease onset. Currently, genetic testing for AD is typically
restricted to familial or early onset cases, so our knowledge of the probability of the scenario
described above is lacking. However, as access to next-generation gene-panel and exome
sequencing improves, it may become prudent to incorporate such testing into common
practice for sporadic diseases such as AD in order to account for such scenarios.

For many neurological disorders, the scope of the genetic contribution to disease is
uncertain. Establishing the degree of heritability for a condition is a necessary first step to
set the stage for genetic analysis, but this can be a challenge, especially for adult-onset
conditions where truly negative individuals are difficult to find. For example, estimates of
the heritability of non-familial amyotrophic lateral sclerosis (ALS) have been based on
relatively small-scale twin studies and thus include a wide range of possible heritability
scores.*® Studying a cohort of over 1200 sporadic cases of ALS enabled estimation of a
more precise heritability of 17-25%.46 This helps to contextualize genome-wide association
studies, such as a recent meta-analysis of 61,000 ALS cases that reported significant
common variants at three distinct loci and predicted that common variants account for ~12%
of ALS heritability.*” This suggests that the relatively small remainder of heritability may be
caused by rare variants. Efforts to detect such variants by genome or exome sequencing are
sure to follow in the coming years. Integrating common variant genotypes with rare variant
sequences will be challenging but may lead to improved cause attribution and risk
prediction.

In addition to the discovery of many new association loci, common variant studies published
in 2014 highlight the complex interconnectivity of neurological diseases. Clinical
observation and pedigree analysis have long shown that schizophrenia, depression, and
bipolar disorder often run in the same families. Genetic analysis has revealed a subtlety
within these relationships not previously appreciated. One study, surveying immune-related
genetic loci associated with multiple sclerosis, found that these loci also influence risk for
schizophrenia but not bipolar disorder.#® This finding suggests that there are genetic
subtypes of schizophrenia with an immunological underpinning that do not strongly overlap
with bipolar disorder. This type of finding would not be possible without the molecular
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pathways pinpointed through genome-wide association studies. The impact of rare variants
on schizophrenia risk remains murky, as microarray analysis and exome sequencing studies
remain somewhat inconclusive.*9-51 This appears to be a condition where common variants
play a very large role in heritability; but our understanding of the complex interplay between
these variants remains in the early stages. Further sequencing efforts may help expand
knowledge of clinical and risk-associated variation.

Polygenic risk modeling is another promising area that has already yielded some interesting
results. Functional imaging has been used to identify specific changes in brain activity
strongly linked to polygenic schizophrenia-risk scores in both patients and controls,>2
demonstrating that common variants can affect subclinical neurological traits that put
individuals at risk for developing clinical disorders. It is hoped that future work may
establish specific clinical correlations between such variation and disease, so that it may
provide diagnostic utility.

Cost and relative value of clinical exome sequencing

While ordering a simple molecular test (e.g., fragile X CGG repeat allele sizing for
intellectual disability) are relatively inexpensive, full gene sequencing tests (e.g., CACNAIA
gene for epilepsy) are often on the order of $1000 or more, and panels/exomes/genomes are
currently on the order of $5000-10,000 or even more. Rather than discuss the cost of an
individual test, we wish to focus on the overall cost to the healthcare system. When an
ordering clinician is uncertain about the most likely relevant causal gene in a given patient, if
one laboratory is able to offer a gene panel or exome for ~$5000, while another laboratory is
able to offer a single full gene sequencing test for $1000, the value of expanded genomic
testing becomes clear once the first five genes in the clinical suspicion list are not found to
harbor any pathogenic variants. However, this does not take into account the frequent
waiting time between each individual test result (often 1-2 months) and the cost to the
patient (both financially and emotionally) for each recurrent clinic visit. Ordering five
sequential genetic tests in five subsequent clinic visits may result in the patient going almost
a year without a clear answer. One group has estimated that if a diagnosis is not determined
during an initial genetics consultation an average of roughly $25,000 is spent on subsequent
molecular testing in order to arrive at a diagnosis.>® Therefore, if comparing the overall
potential cost versus the cost of an individual genomic sequencing test, the value of exome
sequencing to an individual patient, insurance provider, and/or institution becomes more
obvious.

The relationship among and advantages of exome sequencing and other

diagnostic testing methods

Sanger sequencing is still considered to be the gold standard sequencing methodology,
especially in clinical laboratories, and many genetic tests are based on it. However, many of
these tests are gradually being replaced by NGS, as this is much more efficient for
sequencing multiple genetic loci in parallel and, hence, is cost and labor effective. In
addition to higher sequencing cost, time and resources spent on primer design for individual
target loci, optimizing and running PCR and analyzing the sequencing traces are not
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insignificant, and thus genotyping one variant as a clinical test currently costs several
hundred dollars. Still, there will be areas where Sanger sequencing will continue to be used.
First, even though some laboratories have shown that it is possible to empirically determine
the quality threshold to only require Sanger validation on low-quality variants while
maintaining clinically acceptable sensitivity and specificity,19 most clinical labs perform
Sanger validation on all reportable variants. Second, as more exome sequencing is being
performed, test volume requesting genotyping of a single variant identified in the proband in
other family members is increasing, and for those cases Sanger sequencing will be the best
fit. Lastly, there are patients with rather obvious suspected genetic disorders where testing a
single gene would be more cost- and time- efficient than performing exome sequencing.
Those single-gene tests will have to be done by Sanger sequencing until clinical exome
sequencing cost and turnaround time decrease even further. However, it is not uncommon to
find cases where negative results by Sanger sequencing were overturned by clinical exome
sequencing, as Sanger methods can be more susceptible to common lab errors such as
sample swaps, especially when the parent samples are sequenced simultaneously. Additional
ways of broadly integrating Sanger sequencing, NGS panels, and exome sequencing to
improve diagnosis have also been suggested.>*

Chromosomal microarray (CMA), including array-based comparative genomic hybridization
(aCGH) and single-nucleotide polymorphism (SNP) array, is a commonly ordered clinical
test for genetic disorders such as developmental delay (including intellectual disability),
autism, and congenital anomalies.>® Because of its higher resolution than G-banded
karyotyping and higher diagnostic rate, CMA is often ordered as a first-tier genetic test.>>
Common clinical cutoffs for identifying and reporting copy number variants (CNVs) from a
genome-wide CMA are on the order of ~50 Kb, a resolution not high enough to detect
smaller CNVs that might span, for example, only one exon. However, lowering the
resolution would reveal more benign variants and clinical specificity would be
compromised. This same reasoning applies to detecting CNVs using exome-sequencing.
Technically, it is possible to identify exon-level CNVs using exome-sequencing data, but the
noise variance is even higher than for CMA data, as gene density is not uniform across the
genome, which is why exome sequencing has not yet replaced CMA. However, there have
been reports where single-exon CNVs have been identified from exome-sequencing data by
clinical laboratories and confirmed by alternate methods.#> More recently, microarrays
focusing on identifying exon-level CNVs in clinically relevant genes have been developed,
but it has yet to be seen how these will be utilized clinically.

Genome sequencing is already being used as a clinical test in some laboratories (see
discussion below). However, the analysis is mostly limited to the coding region of the
genome (i.e., equivalent to the exome), as we lack understanding of the vast majority of
variants in intronic or intergenic regions. The advantage of performing genome, as opposed
to exome, sequencing would be the ability to more sensitively identify structural variants
such as translocations, inversions, and CNVSs, and to identify variants in regulatory regions
that are most likely not captured and sequenced by exome sequencing. Genome sequencing
also produces more uniform coverage than exome sequencing, because the sequencing
library preparation for the former is not as complex, with no capture and fewer PCR cycles

(Fig. 1).
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Clinical genome sequencing

As recently demonstrated by three independent groups, clinical exome sequencing is
extremely powerful for detecting disease-causing, protein-coding variants in the clinical
setting.*:22:24.33 presently, approximately 95% of single nucleotide (SNVs) and small
insertion/deletion (indels) variants known to cause monogenic genetic disease are detectable
via exome sequencing. Although this percentage will likely decrease as the field of human
genetics research delves deeper into intronic and other non-coding forms of DNA variation,
at this time genome sequencing has only a marginal potential to improve the detection of
disease-causing SNVs and indels. This potential is typically not met; genome sequencing to
exome-level coverage is cost prohibitive, meaning that the benefit of detecting intronic
variants by genome sequencing is balanced by the cost of poorer coverage of coding
sequences. Thus, genome sequencing is not simply a “deluxe” version of exome sequencing
and that, in addition to increased cost, is likely an important reason why it has not been as
readily adopted as a clinical test, compared to exome sequencing.

Genome sequencing does have great potential in that, theoretically, it can detect structural
variants. The data generated for genome sequencing holds clues that can be used to detect
medium-scale insertions/deletions (20-50,000bp), a blind spot lying between what can be
covered by exome and chromosomal microarray analyses. The degree to which blind spot
variants are causative of monogenic disease is very poorly understood, as the methods to
detect them are presently in the incubation stage. Though some successes have been made in
structural variant identification using genome sequencing,®6-58 there is as yet no consensus
for what tool or set of tools should be used to ensure a high level of technical validity.5°
Generally speaking, the methods currently available for structural variant identification lack
sufficient sensitivity and specificity, and require time- and resource-consuming confirmatory
testing, which prevent such analysis from being of routine clinical utility. Newly available
microarrays allow for the identification of exon-level deletions and duplications,50 providing
testing to cover part, but not all, of the blind spot. It remains to be seen if such testing is of
sufficient yield to merit widespread clinical adoption. As researchers coalesce around
methods for converting genome-sequence data into reliable structural variant detection by
genome sequencing, it will become an increasingly attractive complement to exome
sequencing, and an eventual likely replacement for chromosomal microarray analysis.

Conclusions and future directions

Recent advances in technology have enabled the rapid and efficient sequencing of DNA,
which is revolutionizing the concept of genetic testing. Previously, clinicians were charged
with the judicious use of single-gene testing that, although effective in specifically defined
phenotypes, often proved less useful in disorders with variable or inconsistent phenotypes.
As the number of available individual genetic tests has risen,! so has the tendency for
patients to receive extensive or unwarranted genetic testing, resulting in increased cost-of-
care burden on the patient.5 The advent of cheap and efficient sequencing has enabled the
unbiased testing of all protein-coding genes simultaneously, vastly improving cost efficiency
and accelerating time to diagnosis—to the benefit of patients. Genomic testing methods,
particularly exome sequencing, have become the new standard of care for genetic
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testing,21:22 and it is vital that the medical community incorporate this technology into
routine practice. While questions still remain regarding the comprehensiveness of variant
identification and analysis, as well as the precision of subsequent bioinformatic assessment

an
ad

d the need for functional validation of novel variation, there is no debate as to the
vantages of exome sequencing over other genetic testing methodologies. As its clinical

use becomes more widespread, the time to diagnosis for many patients should further
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Table 1

Comparison of DNA-sequencing technologies for genetic diagnosis

Diagnostic test

Single-gene/
multi-gene panel

Next-generation panel

Exome sequencing

Genome sequencing

Sequencing method

Sanger

Next-generation

Next-generation

Next-generation

per gene sequenced

($0.25 or more)

Approximate number of | 1 or <30 (panel) 100-1000 20,000 20,000, including

genestested noncoding sequence
and structural variation

Estimated clinical cost $1000 $1.00 or less Varies by laboratory | Varies by laboratory

($0.50 or more)
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Table 2

Specifications of NGS systems commonly used in clinical laboratories.

. . MiSeq lon PGM
HiSeq2500 HiSeq XTen (v2 chemistry) lon 316 or 318 chip
150 bp X 2 or 250 200 bp or
a
Read length 100 bp X 2 150 bp X 2 bp X 2 400 bp
Run time b b 1 day or 4-7h
27h 3 days 1.5-2 days
45-5Gbor
Data generated 100-120 be 1.6-1.8 Tbb 75-8.5Gb 300 Mb-1 Gb
Gene panel or somatic
Common . . Gene panel .
application Exome sequencing | Genome sequencing sequencing mutation hot-spot

genotyping

aRead length can be up to 250 bp X 2 (machine run time: 60 h)

bPer dual flow cell on 1 HiSeq system
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Rates of diagnosis for neurological disorders using clinical exome sequencing

Table 3

petinsor | o | nangogic | Oveal dagnostorate | REEe
families result diagnosis
213 55 26% 25% (62/250) 3
324 99 31% 30% (152/500) 62
673 175 26% 26% (213/814) 4
1756 455 26% 25% (504/2000) 5
2966 784 26% 26% (931/3564)
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