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Purpose: Detection of copy-number variation (CNV) is impor-
tant for investigating many genetic disorders. Testing a large clinical
cohort by array comparative genomic hybridization provides a deep
perspective on the spectrum of pathogenic CNV. In this context,
we describe a bioinformatics approach to extract CNV information
from whole-exome sequencing and demonstrate its utility in clinical
testing.

Methods: Exon-focused arrays and whole-genome chromosomal
microarray analysis were used to test 14,228 and 14,000 individuals,
respectively. Based on these results, we developed an algorithm to
detect deletions/duplications in whole-exome sequencing data and a
novel whole-exome array.

Results: In the exon array cohort, we observed a positive detec-
tion rate of 2.4% (25 duplications, 318 deletions), of which 39%

INTRODUCTION

Significant advances in copy-number detection have broadened
the mutation spectrum for many clinical genetic disorders."?
Intragenic deletion mutations are of considerable frequency
in many disease genes, such as PAX6, CDKL5, and STXPBI.
Recurrent rearrangements between segmentally duplicated
sequences are also associated with a number of syndromic dis-
orders.* For these known disorders, targeted gene testing by
multiplex ligation-dependent amplification or exon-focused
arrays has been useful. With the increasing uptake of exome
sequencing into the clinical diagnostic approach, the need for
testing previously uncharacterized genes for pathogenic copy-
number variation (CNV) is a significant consideration, not
only to detect aberrations in genes that may cause disease when
haplo-insufficient but also in genes associated with recessive
disorders for which the mutation has been identified in only
one of the alleles by exome sequencing.*

Whereas exome sequencing is still gaining popularity as a
powerful clinical tool, whole-genome chromosomal micro-
array analysis (CMA) has become an indispensable screen-
ing method that is now routinely used as a first-tier test for
children with intellectual disability, developmental delay, or
congenital anomalies.” In less than 10 years, the CMA designs

involved one or two exons. Chromosomal microarray analysis
identified 3,345 CNVs affecting single genes (18%). We demon-
strate that our whole-exome sequencing algorithm resolves CNV's
of three or more exons.

Conclusion: These results demonstrate the clinical utility of sin-
gle-exon resolution in CNV assays. Our whole-exome sequenc-
ing algorithm approaches this resolution but is complemented by a
whole-exome array to unambiguously identify intragenic CNVs and
single-exon changes. These data illustrate the next advancements in
CNV analysis through whole-exome sequencing and whole-exome
array.
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have evolved from low-resolution arrays containing large
bacterial artificial chromosome clones or <100,000 oligonu-
cleotide probes to high-resolution versions with more than
1 million probes.® As a result, several groups have identified
single-gene pathogenic aberrations that boost the analytical
sensitivity of CMA.” However, although some of these more
recent arrays have higher density at disease genes, they do
not all cover every exon in those genes and are therefore not
capable of detecting some pathogenic intragenic mutations.
Separately, data from exon-focused arrays have shown that
up to 40% of intragenic mutations can involve just one or two
exons within a gene, and therefore it is essential to cover all
exons within targeted genes.'

Copy-number detection in clinical genetic testing eventually
will occur entirely through examination of next-generation data,
whereas array comparative genomic hybridization (aCGH) and
other assays will serve as complementary and confirmatory
methods.® To complement whole-exome sequencing (WES) or
whole-genome sequencing data in a meaningful way, an array
with coverage of virtually all exons is essential. Until the time
that WES/whole-genome sequencing can be used routinely and
reliably for copy-number detection, a whole-exome array can
be used as the ultimate whole-genome CMA platform.
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We analyzed data from 28,000 individuals tested by targeted
exon-focused arrays or whole-genome cytogenetic arrays to
identify CNVs that provide a deep perspective of the intragenic
copy-number mutation spectrum in the human genome. Based
on expectations of analytical sensitivity needed to reliably sur-
vey that spectrum and previously described methods,” we have
developed copy-number detection by WES and demonstrate its
use in conjunction with a whole-exome array.

MATERIALS AND METHODS

Subjects

For targeted exon-focused microarray or whole-genome CMA
testing, we analyzed data derived from blood or DNA samples
submitted for clinical testing. Informed consent for testing was
obtained on the test requisition. If peripheral blood samples
were submitted, then DNA was extracted using a QIAcube robot
(Qiagen, Venlo, The Netherlands).

Targeted exon-focused arrays

The design principle and processing of exon-focused arrays
have been described previously by our group.® Testing of the
14,228 individuals was performed on different array versions
with a common design principle, as described previously.
Mutations were confirmed in a second DNA sample by multi-
plex ligation-dependent amplification, quantitative polymerase
chain reaction, or repeat aCGH.

Whole-genome CMA (cytogenetic) arrays

Whole-genome CMA was performed on samples from 14,000
unrelated individuals using a variety of designs, including
arrays with 44,000, 105,000, or 180,000 oligonucleotide probes.
All array designs were based on the principle described in sev-
eral publications> and covered the complete unique sequence
of the genome at a resolution of 100 to 250 kb genome wide and
at 250bp to 10kb within targeted regions. The densely probed
targeted regions included individual disease-related genes,
microdeletion/duplication syndrome regions, and subtelomeric
and pericentromeric regions. Arrays were cohybridized with a
half microgram of DNA each from the referred individual and
a sex-matched pooled genome reference (Promega, Madison,
WI). The hybridization, washing, and scanning were performed
according to the manufacturer’s protocol (Agilent Technologies,
Santa Clara, CA). The resulting data were imported for analy-
sis into DNA Analytics/Agilent Genomic Workbench software.
All arrays, hybridization and scanning equipment, and software
were from Agilent Technologies.

Whole-exome array CGH

The design for the exome array included four probes per exon
plus 250bp of flanking intronic sequence in virtually all genes
in the GRCh37/hg19 genome build (~220,000 exons targeted).
The mucin, olfactory receptor, and testis antigen gene families
were excluded, as were a select group of genes in regions known
to vary frequently in copy number. A total of 989 disease genes
in the GeneTests.org database'® were targeted, with an average
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of seven probes per exon. Larger exons were targeted with addi-
tional probes to maintain a minimum of one probe per 250 bp.
A small number of exons did not have sufficient unique probes
available because of homology or small exon size, and these
were targeted with fewer probes. A whole-genome backbone
covering intergenic regions was added with 500kb of spac-
ing between probes. Promoter regions were covered with five
probes within the first kilobase upstream of each gene. The
5" untranslated regions were covered, but the 3" untranslated
regions were not targeted. Regions with significant homology
elsewhere in the genome were also excluded. The total num-
ber of probes (986,000) was placed on a one-array format on
the Agilent Technologies platform. The array was hybridized
according to the manufacturer’s protocol as described in the
“Whole-Genome CMA (Cytogenetic) Arrays” section above.

Whole-exome sequencing

Exome sequencing was performed on exon targets isolated
by capture using the Agilent SureSelect Human All Exon V4
(50 Mb) kit (Agilent Technologies). One microgram of DNA
from the blood specimen was sheared into 350- to 400-bp
fragments, which were then repaired, ligated to adapters, and
purified for subsequent polymerase chain reaction amplifica-
tion. Amplified products were then captured by biotinylated
RNA library baits in solution following the manufacturer’s
instructions. Bound DNA was isolated with streptavidin-
coated beads and reamplified. The final isolated products
were sequenced using the Illumina HiSeq 2000 sequencing
system with 100-bp paired-end reads (Illumina, San Diego,
CA). DNA sequence was mapped to the published human
genome build University of California, Santa Cruz, hgl9/
GRCh37 reference sequence.! Targeted coding exons and
splice junctions of known protein-coding RefSeq'? genes
were assessed for average depth of coverage with a minimum
depth of 10x required for inclusion in downstream analysis.
A custom-designed bioinformatics analysis pipeline was used
to evaluate sequence changes.

Detection of copy number from next-generation
sequencing data
The algorithm for CNV detection relied on the reproducibility
of relative per-target coverage from sample to sample. Each exon
was defined as a target with the location and number of probes
per target determined by Agilent’s proprietary capture design.
The per-target coverage for each sample was normalized to the
sample’s overall exome coverage depth, and that normalized
coverage was then compared with a baseline distribution of nor-
malized per-target scores of previously sequenced samples.
Assuming a Gaussian distribution of the normalized coverage
for each target, the SD can be used as an effective measure of the
allowable deviation for each target. The level of deviation from
the norm was calculated as a fractional increase or decrease,
hereafter referred to as the “deviance” The degree of devi-
ance from the norm predicted the presence of a CNV and the
type, e.g., heterozygous deletion (—0.5 deviance), homozygous
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deletion (1.0 deviance), or duplication (+0.5 deviance or some
multiple thereof).

To assess whether an apparent deviance was real, a P value
was calculated to estimate the likelihood that the observed
deviance was the result of random chance based on the previ-
ously observed normalized coverage distribution for that target.
A single-sample Z-test scored a given sample against the base-
line. The tuning of the optimal baseline size is discussed later.
The Z-test was chosen for its speed and simplicity because the
baseline sample size was large and the population variance was
known. A minimum threshold of >0.25 absolute deviance with
a corresponding P value of <0.01 was used to classify CNVs as
significant.

A custom Perl script was used to chain adjacent significant
targets into larger calls. When CNVs of three sequential tar-
gets are detected, the algorithm opens gaps to allow for calling
events across low-coverage targets or those with nonsignificant
P values but similar levels of deviance. This allows testing for
larger CNV's through regions that cannot be accurately mea-
sured because of high noise or lack of coverage.

RESULTS

Intragenic copy-number mutations in 14,228 individuals
We previously described results from testing 3,018 individuals
by exon array.® Here we present data from an additional 11,210
individuals to provide a deeper picture of the types and fre-
quencies of intragenic deletions and duplications. A list of all
mutations not reported previously by our group is provided in
Supplementary Table S1 online. Among the 14,228 individuals
tested, 343 had a pathogenic or likely pathogenic copy-number
mutation, representing an analytical sensitivity of 2.4% overall.
Of the mutations, 318 were deletions and 25 were duplications.
One hundred thirty-four (39%) mutations involved only a sin-
gle exon or two exons. Although it is possible to detect purely
intronic changes in near-exonic regions, the great majority of
these events encompass at least one exon.

<500kb CNVs detected by CMA

Whole-genome CMA in 14,000 individuals identified 27,677
CNVs (data not shown); 24,276 CNV's were smaller than 500 kb,
4,350 of these affected a single OMIM gene, and 1,570 of the
OMIM single-gene CNVs were deletions, accounting for 5.7% of
all CNVs observed (Supplementary Table S2 online). Examples
of pathogenic CNVs included deletions affecting NRXNI,
CNTNAP2, DMD, and AUTS2. We also found pathogenic copy-
number variants in STS, NSDI, OTX2, ANKRD11, EHMT1, and
a variety of other genes associated with syndromic disorders.
Separately, we also identified individuals who were heterozy-
gotes for intragenic deletions in DOCKS8, LARGE, SRD5A2, and
other genes associated with autosomal recessive disorders.

Detection of copy-number variants from exome
sequencing

Nine samples previously tested by exon-focused aCGH or
whole-genome CMA were blinded and tested by WES. Twelve
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definitive CNVs within coding portions of genes had been
detected previously in these samples. The CNVs ranged in size,
extending from one to dozens of exons, and included both het-
erozygous deletions and duplications. We analyzed the WES
data for CN'V's using our algorithm and found that all 12 CNVs
had deviance scores consistent with their corresponding array
result. Four intragenic CNVs included three exons or more, and
each of these CNVs had a P value of <0.01, meeting our thresh-
old for significance. Four two-exon CNVs were also detected,
but only three of them had P values of <0.01. Finally, all four
of the single-exon CNVs were detected but had P values >0.01,
indicating that the deviance was not significant when com-
pared with the baseline distribution at those exons. Assessment
of this small CNV set suggested that although it is possible to
detect single-exon CNVs using our method, the likelihood of
reproducibly and reliably identifying them is low. However, for
CNVs that include three exons or more, the algorithm is signifi-
cantly more reliable.

We also applied the reverse approach, verifying CNV's called
from WES data using aCGH. We selected 11 random WES
cases, each having a predicted significant CNV of at least three
exons. These samples were tested by exome aCGH (see next sec-
tion). The predicted CNVs in the WES data were divided into
three groups: single-exon, two-exon, and three or more-exon
CNVs. Two of the 11 samples had more than five times as many
exons with significant deviance scores as the others and were
thus classified as outliers and excluded from further analysis.
Additional discussion of these noisy samples is included later.

A total of 15,370 CNV's were predicted at a significant P value
among the remaining nine samples. Eighty-nine percent of
deletion CNVs that included three or more exons were con-
firmed by aCGH, whereas only 60% of similarly sized dupli-
cations were confirmed. Only 11% of two-exon duplications
and deletions, 3.3% of single-exon duplications, and 0.29% of
single-exon deletions found by WES were confirmed.

These data indicate a high false-positive rate for CNV detec-
tion from WES data for events of fewer than three exons; the
false-positive rate is more pronounced for duplications than
deletions. The results of this pilot study are given in Table 1,
which demonstrates the difference in specificity between
single-exon events and events involving three or more exons.
Figure 1 illustrates the detection of intragenic copy-number
mutations by WES and exome array.

After confirming the prospective CNV results, an optimal
control baseline size of 500 samples was established using this
set of known positive controls by progressively increasing the
baseline set to 10, 50, 100, 200, 500, and 1,000 samples. Each
progressive step reduced the total number of prospective CNV's
called while keeping the number of known true positives fixed.
The difference in noise reduction observed when moving from
500 to 1,000 samples was negligible compared with the increase
in computational time, thus the optimal baseline was set at 500
samples.

After demonstrating the potential utility of this method
for detecting CNVs from WES data, we began applying it
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Figure 1 Examples of intragenic deletion and duplication detected by WES and confirmed by exome aCGH. Each bar in the graphs (a)~(c) and (e)—~(g)
represents an exon. (a—c) WES data from a family trio in which the (a) proband has inherited a whole-gene duplication of KRT34 from the (b) father, whereas
the (c) mother shows normal copy number at that gene. (e-g) WES data from a family trio in which the (e) proband has inherited a partial-gene heterozygous
deletion in the SYCP2L gene from the (g) mother, whereas the (f) father shows normal copy number at those exons. Each dot in panels d and h represents an
oligonucleotide probe in the gene of interest on the exome array, with a duplication shown by probes deviating to a positive log2 ratio (marked in red) and a
deletion shown by probes deviating to a negative log2 ratio (marked in green). Panels d and h show confirmation of the KRT34 duplication and the SYCP2L
deletion, respectively, by exome aCGH. aCGH, array comparative genomic hybridization; WES, whole-exome sequencing.

prospectively to clinical WES samples. Examination of 1,500
samples identified 54 likely pathogenic CNVs that we attempted
to confirm by aCGH, multiplex ligation-dependent amplifica-
tion, or quantitative polymerase chain reaction; we chose the
most appropriate method based on the size of the CNV and
assay cost. Table 2 shows that 34 of the 54 CNVs were con-
firmed. Of these, 20 were deemed pathogenic. These 20 con-
firmed pathogenic CNVs detected in 1,500 samples represent
an analytical sensitivity of 2.3%. The 34 confirmed CNVs range
from single-exon to megabase-scale events.

As seen in Table 2, the confirmation rate was significantly
higher for one-exon and two-exon events than predicted by
our earlier cross-comparison. Multiple factors likely contrib-
uted to this enhanced specificity. First, CNVs were selected for
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confirmation based on patient phenotypes and, when available,
observed inheritance patterns in trios and duos. This effectively
acted as a selection bias because additional information beyond
the deviance scores and P values was used to choose these
CNVs for confirmation. Second, the new prospective CNVs
were detected in samples prepared with an automated library
preparation method, whereas the original test set was prepared
using a manual protocol. The automated protocol likely pro-
vided more consistent hybridization performance from one
sample to the next, thereby reducing the amount of random
variation in the prospective CNV set.

We observed that 10.3% of the samples in our cohort produced
high levels of CNV noise, with two to three orders of magnitude
more CNV calls than other samples. The cause of these noise
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Table 1 Results from calling CNVs from WES data on the initial 11-sample pilot and the confirmation rate for three or

more exon events via subsequent exome aCGH

Exons with  Exons with 3+ Exon
Sample P <0.01 P> 0.01 dels 3+ Exon dups 3+ Exon dels confirmed 3+ Exon dups confirmed
1 329 183,839 1 4 1 3
2 962 183,206 0 3 0 2
3 1,033 183,135 0 3 0 3
4 1,132 183,036 0 5 0 2
5 1,439 182,729 2 0 2 0
6 1,682 182,486 1 1 0 0
7 1,830 182,338 0 7 0 5
8 3,233 180,935 1 2 1 0
9 3,730 180,438 2 2 2 1
10 13,211 170,957 1 45 NA NA
1 16,083 168,085 49 85 NA NA
Confirmation rate 86% 59%

The number of significant CNV calls is reduced significantly by requiring events to be of at least three exons in size. Note that the last two samples were excluded from

confirmation because of the high noise levels.

aCGH, array comparative genomic hybridization; CNV, copy-number variation; dels, deletions; dups, duplications, NA, not applicable; WES, whole-exome sequencing.

Table 2 Confirmation rates by size for CNVs detected in
1,500 WES probands

Attempted Confirmation
CNV size confirmations Confirmed rate, %
1 Exon 22 11 50
2 Exons 14 11 79
3+ Exons 18 12 67
All 54 34 63

CNV, copy-number variation; WES, whole-exome sequencing.

spikes is unclear, but it effectively renders these samples blind
to our method. To determine whether this noise was related to
total sample coverage, we assessed the number of CNVs called
against the unnormalized average coverage for each sample.
Excluding the high-noise outliers gave a correlation coefficient of
—0.26, indicating no significant correlation. Because our method
is subject to reproducibility of relative coverage from one sample
to the next, we hypothesize that this noise is caused by poorly
controlled differences in the capture hybridization conditions,
such as ambient temperature fluctuations. Susceptibility to these
noise spikes is a significant drawback to our method.

In addition to some samples being noisy, the normalized cov-
erage distribution of some targets is too variable to ever score
a deviation from the norm as highly significant. Figure 2 illus-
trates the spectrum of variability across all exon targets. CNV's
in targets with high coefficients of variation are effectively blind
to the method described here. Because we are looking for devi-
ances of 0.5 from the norm, a coefficient of variation of 20.25
restricts our ability to call single-copy changes with any con-
fidence. Sixteen percent of all exon targets had coefficients of
variation of >0.25 and are effectively blind to this method of
interrogation. Low coverage of an exon target may also limit
our ability to detect CNVs. The spectrum of per-target cover-
age (Figure 3) indicates that 21% of targets are covered below
40x, making detection of copy-number changes more difficult
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Figure 2 The relative frequency distribution of the coefficient of
variation of the normalized relative coverage for all 180,000 exon
targets across a 500-sample baseline. Sixteen percent of exons have
coefficients of variation of 0.25 or greater, indicating that a =0.5 change
in deviance will not be scored as highly significant; 3.1% of exons have
coefficients of variation of 0.5 or greater, indicating extreme relative coverage
variability at that target.

because true deviation and random noise are more difficult to
distinguish at lower coverage levels. Although individual exons
may not score as significant, deviations across several exons may
still be detected through our chaining method, provided that the
majority of the exons are well covered and not noisy.

Exome array CGH
We first tested 25 DNA samples with known CNVs on the

custom whole-exome array design to identify deletions or
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Figure 3 The absolute coverage distribution of all exon targets over a
500-sample baseline for all 180,000 exon targets. Coverages are means
across each exon target and are binned into groups of 0-10, 10-20, and so
forth, with all values =300 in the final bin.

duplications that ranged from 3kb to whole chromosomes.
The data were consistent with previous whole-genome CMA
or exon-focused array results and reliably showed the known
CNVs. We observed a high incidence of reproducible arti-
facts (abnormal positive deviation log2 ratios), typically at the
GC-rich 5’ ends of genes as described previously,® and these arti-
facts were excluded from analysis. We then performed a blinded
study on nine DNA samples with previously characterized
pathogenic deletions and duplications that ranged from 760bp
to several kilobases. The nine samples were hybridized multiple
times, with one intra-array replicate and two inter-array repli-
cates, to assess reproducibility. The whole-exome array design
showed 100% concordance with previous data and across mul-
tiple hybridizations. The exome array results also refined the
breakpoints of some CNVs because of higher exonic probe con-
tent. We also tested DNA samples for which WES data showed
predicted CNVs. This effort is described in the previous section.

DISCUSSION
Deletions and duplications in the genome have long been inves-
tigated as causes for recognizable genetic disorders.’ The extent
and variety of CNV in the human genome have become more
apparent, and solutions to address them in a clinical context are
improving rapidly. With ongoing integration of next-generation
sequencing in clinical laboratories, the ability of this technol-
ogy to provide copy-number information alongside sequence
information is important because it brings us closer to a single
platform that can identify most of the currently known molecu-
lar causes for genetic disorders. We have presented data here to
provide a deeper picture of the types and variety of copy-num-
ber mutations at disease loci in the human genome, establishing
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the expectations for extracting copy-number information from
capture-based next-generation sequencing. We have also used
an exome array to demonstrate its utility to complement exome
sequencing and to provide a method to test virtually any gene
for deletions or duplications.

Data from 14,228 individuals tested on exon-focused arrays
showed a positive detection rate of 2.4% for copy-number muta-
tions in the genes tested. This observation of significant analytical
sensitivity added by exon aCGH has been elaborated on in other
reports.? These data also show that a high number of intragenic
copy-number mutations encompass just a single exon, thereby
setting an expectation of sensitivity for any method used for dele-
tion/duplication analysis. Other groups have also emphasized the
need for exon-level CN'V detection at disease genes.’

In our study results described here, copy-number detection
directly from whole-exome sequencing successfully identified
deletions that were three exons or bigger with a statistically sig-
nificant P < 0.01. Smaller events may also be detected, but with
uncertain reliability.

There are some limitations to obtaining copy-number infor-
mation from WES data. For instance, there are some targets that
have alow signal-to-noise ratio such that it cannot be easily deter-
mined whether a true deviation is the result of random chance.
Second, there are some samples with abnormal relative coverage
distributions. Such samples will produce one or two orders of
magnitude more false-positive events than true-positive events
and are effectively useless for CNV detection. Third, targets that
are highly polymorphic (e.g., common duplications) will skew
the distribution such that those targets effectively fall into the
first scenario described above. This, however, can be a benefit
in clinical WES because it effectively excludes common poly-
morphisms from the final variant list. Although there are known
limitations to this method of detecting CNV's directly from WES
data, and although it cannot yet serve as a substitute for aCGH,
it provides added value to WES diagnostics.

Other methods for detecting CNVs directly from WES data
have been published since we developed our algorithm. Many,
such as XHMM" and EXCAVATOR," use hidden Markov
model approaches, whereas others such as CoNIFER" use
single-value decomposition. CoNIFER, interestingly, offers the
ability to group multiple runs of a single sample together to help
reduce batch effects, which we believe are a significant source
of noise in our own data set. The method described here dif-
fers from these approaches in the simplicity, and thus speed,
of its statistical test and its reliance on a large control baseline
for comparison, which includes inherent removal of common
polymorphisms. A detailed comparison of all published meth-
ods is beyond the scope of this paper.

An exome array is a useful adjunct tool to confirm findings
by exome sequencing or to use when analysis is restricted to
one or a handful of genes for which other copy-number analy-
sis methods are not available. Moreover, it can reliably detect
CNVs smaller than three exons that may be missed by exome
sequencing and in exons that may be poorly covered or highly
variable via WES. The whole-exome array can also be a useful
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tool when one mutation in a gene for an autosomal recessive
disorder is found by sequencing and a deletion/duplication on
the other allele is suspected.®

Importantly, an exome array with a backbone of pan-genomic
coverage of intergenic regions, as used in this study; is the ideal
clinical CMA because it offers the highest resolution possible for
cytogenetic analysis. In addition, the array design tested in this
study also included single-nucleotide polymorphism probes
to provide genotyping information to detect long continuous
stretches of homozygosity, which may represent uniparental
disomy or identity by descent.'® The added sensitivity of exon-
level analysis of the entire genome is unclear at present because
it has not been used widely before, but it would likely augment
the 15-20% sensitivity now routinely observed with traditional
whole-genome CMA designs for diagnosing intellectual dis-
ability, developmental delay, and congenital anomalies.’ To that
end, various groups have already described intragenic deletions
in a wide variety of genes.””*¢

Some limitations persist for detecting CNVs for both aCGH
and WES. Difficult sequence characteristics, such as GC-rich
content, pseudogenes, and segmental duplications, present a
significant challenge to cover the entire coding region of the
genome. Even when CNV detection is possible at some loci,
the significance of specific CNVs can be difficult to inter-
pret. For example, CNVs that include noncoding elements of
a gene, such as promoters, untranslated regions, and intronic
sequences, are invariably classified as variants of uncertain sig-
nificance or dismissed as likely benign. One reason for that dif-
ficulty is the absence of robust CNV data at the resolution of a
single gene. Despite the tremendous progress made in recent
years in collecting CNV data from clinically affected individu-
als and from control individuals, the resolution of the arrays
used in those studies was not high enough, and therefore the
spectrum of CNV variation is largely restricted to deletions or
duplications in the range of 250kb and longer. However, this
gap will close relatively quickly with increasing use of WES in
clinical and research environments and further improvements
in copy-number detection algorithms.

Data from whole-genome CMA and from exon-focused
aCGH indicate that intragenic CNV is not uncommon. The data
presented here provide insight into the incidence of intragenic
CNV in a clinical population and show that exome sequenc-
ing with a depth of coverage of 10x is sufficient to detect many
pathogenic multi-exon deletions and duplications. With a
higher depth of coverage, the resolution of WES will increase
and may detect single-exon deletions or duplications routinely,
although this would significantly increase the cost per sample
at present. Until the time that WES can reliably detect intra-
genic CNV mutations, a whole-exome array is a sensitive tool
to detect intragenic deletions or duplications in virtually any
gene in the genome.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper
at http:/Awww.nature.com/gim.
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