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Purpose: We investigated the frequencies and characteristics of
intragenic copy-number variants (CNVs) in a deep sampling of
disease genes associated with monogenic disorders.

Methods: Subsets of 1507 genes were tested using next-generation
sequencing to simultaneously detect sequence variants and CNVs
in >143,000 individuals referred for genetic testing. We analyzed
CNVs in gene panels for hereditary cancer syndromes and
cardiovascular, neurological, or pediatric disorders.

Results: Our analysis identified 2844 intragenic CNVs in 384
clinically tested genes. CNVs were observed in 1.9% of the entire
cohort but in a disproportionately high fraction (9.8%) of
individuals with a clinically significant result. CNVs accounted
for 4.7–35% of pathogenic variants, depending on clinical specialty.
Distinct patterns existed among CNVs in terms of copy number,
location, exons affected, clinical classification, and genes affected.
Separately, analysis of de-identified data for 599 genes unrelated to

the clinical phenotype yielded 4054 CNVs. Most of these CNVs
were novel rare events, present as duplications, and enriched in
genes associated with recessive disorders or lacking loss-of-function
mutational mechanisms.

Conclusion: Universal intragenic CNV analysis adds substantial
clinical sensitivity to genetic testing. Clinically relevant CNVs have
distinct properties that distinguish them from CNVs contributing
to normal variation in human disease genes.
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INTRODUCTION
Within the broad spectrum of variation in our genome,
relatively little is known about the prevalence of intragenic
deletions and duplications, or copy-number variants (CNVs),
beyond those responsible for a small number of hereditary
disorders such as Duchenne muscular dystrophy and
BRCA1-associated breast cancer. Exon-level copy-number
detection methods are used in genetic testing for these
disorders but are not universally applied to other genes,
which greatly limits our knowledge of intragenic CNV
prevalence across the medically relevant portions of the
genome. Although exome-based approaches are
beginning to shed light on these CNVs, the resolution and
confidence of CNV calling with these methods remains
limited.1,2 Exon-focused microarray-based comparative
genomic hybridization (array CGH) provides high resolution
for CNV analysis but is not used universally.3–5 Array CGH is
now being replaced by highly sensitive and scalable targeted
next-generation sequencing (NGS) methods, providing an
opportunity to investigate CNVs broadly across disease
genes.6–9

CNVs also explain a proportion of the benign variation in
the human genome. Microarray and NGS methods are
illuminating this variation in healthy individuals, as

demonstrated by the 1000 Genomes Project, Exome
Aggregation Consortium (ExAC) projects, and other large-
scale efforts (Maxwell E, 2017, unpublished data).10–12 The
data from these studies are being compiled in archives such as
the Database of Genomic Variants (DGV) and ClinVar and
have contributed to our understanding of dosage-sensitive
regions of the genome.13,14 Investigating intragenic CNVs can
further refine the resolution of this dosage map and
complement our understanding of larger chromosomal
CNVs.
We have developed and validated an NGS assay and

bioinformatics pipeline to simultaneously identify sequence
variants and intragenic CNVs with high sensitivity.9 Herein,
we describe CNVs identified in a cohort of >143,000 unrelated
individuals referred for diagnostic genetic testing for a
suspected Mendelian disorder. In addition, we studied CNVs
in disease genes unrelated to these patients’ phenotypes to
estimate a baseline prevalence. Our data show that a
substantial number of pathogenic variants are in fact
intragenic CNVs that have not been routinely investigated
across a wide range of disease genes in traditional genetic
testing. We also show that clinically relevant CNVs are
characteristically different from CNVs that are present as
naturally existing variation in the genome.
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MATERIALS AND METHODS
NGS assay and bioinformatics
Each gene on Invitae’s NGS panels was targeted with
oligonucleotide baits (Agilent Technologies, Santa Clara,
CA; Roche, Pleasanton, CA; IDT, Coralville, IA) to capture
exons, the 10–20 bases flanking intronic sequences, and
certain noncoding regions of clinical interest. Baits were
iteratively balanced to obtain a minimum of 50× and an
average of 350× depth-of-sequence read coverage. Invitae uses
NGS assays (not exome–based) containing hundreds of genes
that constitute many panels and designed to address
differential diagnoses within clinical specialties. Our bioinfor-
matics pipeline incorporates both community standard and
custom algorithms to identify single-nucleotide variants
(SNVs) and small indels, large indels, structural variants with
breakpoints in target sequences, and exon-level CNVs.9,15

Patient samples and analysis
Blood, saliva, or genomic DNA from patients who were
consented for diagnostic testing were processed by NGS as
described previously.9,15 For this study, clinically reported
CNVs were collected from Invitae’s variant database. In
addition, data from genes unrelated to the presenting clinical
phenotype were de-identified for analysis of baseline CNVs
under institutional review board (IRB) approval (Western
IRB, #20161796). A Pearson’s chi-squared test was used to
compute p values for differences in observed CNV counts.
Ninety-five percent confidence intervals (CIs) were calculated
using the Wilson method.

Clinical classification of CNVs
The clinical interpretation of CNVs was based on their
predicted effects on the transcript and established mutational
mechanism for each gene. CNVs were classified using the
five-tier system for grading evidence for pathogenicity as
recommended by the American College of Medical Genetics
and Genomics (ACMG).16 To ensure consistent evidence-
based CNV interpretation and maintain congruence with
ACMG’s sequence variant interpretation guidelines, we
developed a point-based scoring system that includes criteria
for classifying CNVs.17

Orthogonal confirmation
For clinically tested genes, we used array CGH to confirm
CNVs if they had been classified as likely pathogenic or
pathogenic (LP/P) or were single-exon CNVs classified as
variants of uncertain significance (VUS). Multiplex ligation-
dependent amplification (MRC Holland, Amsterdam, Nether-
lands) and long-range polymerase chain reaction (PCR) with
Sanger sequencing were used to confirm CNVs in exons
12–15 of PMS2, which has a pseudogene copy. Deletions in
SMN1 were confirmed with ligation-dependent sequencing,
an NGS adaptation of multiplex ligation-dependent amplifi-
cation. Baseline CNVs were not confirmed with array CGH if
they had high NGS quality scores (Q99) or lower quality
scores (Q35–Q98) but included multiple exons, because these

types of CNVs always confirmed as true events in clinically
tested genes. However, we excluded single-exon baseline
CNVs flagged as low-quality calls.

RESULTS
Prevalence of intragenic CNVs in a large clinical cohort
We tested various subsets of 1507 genes in 143,515 unrelated
individuals referred for diagnostic NGS gene panel testing. A
total of ~4.8 million single-gene analyses were completed.
Among nearly 8.1 million variants of all types, we identified
2844 intragenic CNVs (1237 distinct events). These CNVs
accounted for 0.03% of all variants, 3.1% of reported variants,
and notably, 9.1% of variants classified as LP/P (Supplemen-
tary Table 1 and Supplementary Figure 1). These variants
were found across 384 genes and included 1810 deletions and
1034 duplications, which together represented a prevalence of
1.9% in this cohort, 4.4% among individuals with at least one
reported variant, and more significantly, 9.8% among
individuals who received a report with an LP/P variant of
any type.

Patterns of intragenic CNV occurrence
CNVs fell into one of three categories—single rare events,
common recurrent events, and low-frequency recurrent
events (Fig. 1a). Each category represented approximately
one-third of all observed CNVs. The vast majority of the 384
genes with CNVs had just one CNV each, but these single
CNVs together accounted for less than 10% of all events
(Fig. 1b). By contrast, 31 of the 384 genes had 15 or more
CNVs, but these represented nearly 70% of all CNVs. Aside
from frequencies, the intragenic locations and sizes of CNVs
were examined, because these properties can determine
clinical impact. One-fourth of the CNVs included just one
exon. A majority of intragenic CNVs were multi-exonic
partial-gene events, and most encompassed only internal
exons without involving the terminal (first or last) coding
exons (Fig. 1c,d). Among partial-gene CNVs involving
terminal exons, more deletions than duplications included
the first exons, whereas a similar number of deletions and
duplications included the last exons. Finally, a greater
proportion of duplications than deletions included the full
gene. Nearly one-fifth of all distinct (non-redundant) CNVs
included a full gene, and in 40 instances, the CNVs
encompassed several neighboring genes and were present on
at least 10 chromosomes (Supplementary Tables 1, 2).

Clinical classification of CNVs
Deletions were more frequent in this clinical cohort, and most
were reported as LP/P variants (Fig. 1c). However, a few
deletions were classified as VUS, primarily because they were
in-frame variants in genes without loss-of-function (LOF)
mutational mechanisms. By contrast, more than half of the
duplications were classified as VUS. Among partial-gene
duplications, 359 involved terminal exons and 225 involved
only internal exons (Fig. 1d). At least 166 duplications
encompassing only internal exons were predicted to have an
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adverse effect on the transcript reading frame and therefore
classified as LP/P (Supplementary Table 2). For at least 30
duplications, we observed putative breakpoints based on split-
read sequence data and predicted a tandem arrangement that

would disrupt the transcript reading frame. This supports
previous assertions that intragenic duplications are typically
localized tandem rearrangements versus more complicated
events such as insertional translocations.18
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We also considered the distribution and zygosity of CNVs
in genes associated with autosomal dominant (AD), auto-
somal recessive (AR), and X-linked (XL) disorders (Fig. 1e,f).
The vast majority of CNVs were in genes associated with AD
or XL inheritance, although this outcome reflects a bias
because most of the tested genes had these inheritance
patterns. Of 2096 CNVs classified as LP/P, 85% were in genes
associated with AD or XL inheritance and 15% were in genes
associated with AR inheritance. Of the latter, 6.7% were
homozygous deletions, 2.8% were compound heterozygous
changes accompanying a pathogenic SNV on the other allele
(constituting a positive molecular diagnosis for an AR
disorder; Supplementary Table 1), and 5.5% were single
heterozygous events.
Nearly all CNVs in this cohort were found in genes with

LOF mechanisms (Fig. 1e). Most CNVs in these genes were
deletions classified as pathogenic, whereas more than half of
the duplications were classified as VUS. Comparatively, the
304 genes without LOF mechanisms had few CNVs, mostly
classified as VUS or benign (Fig. 1f), and significantly more
duplications than deletions (p= 1.8×10–9).

CNVs and morbidity
Analysis of a large number of multigene panels showed
varying CNV prevalence across disease groups (Fig. 2a,b;
Supplementary Table 4). Genes with CNVs had either mostly
recurrent events, mostly unique events, or a mix of both
(Fig. 2c). Among panels that had yielded at least 10
pathogenic variants of any type, more than one-third had
CNVs accounting for greater than 10% of pathogenic variants.
Gene panels yielding the highest number of CNVs were those
for spinal muscular atrophy, Charcot–Marie–Tooth disease,

and dystrophinopathies, as expected. However, panels for
congenital heart defects and heterotaxy, Lynch syndrome,
sarcoma, muscular dystrophy, and dystonia also identified
many CNVs. By contrast, gene panels with the lowest CNV
frequencies included those for chronic pancreatitis, RASopa-
thies, cardiomyopathies, and hereditary thrombophilia.
Genes for hereditary cancer syndromes showed a high

(8.3% overall; 0–50% range among panels) prevalence of
CNVs among pathogenic variants (Fig. 2a; Supplementary
Tables 3 and 4). Among 1059 pathogenic CNVs observed in
these genes, 219 were observed only once and 174 were
recurrent. BRCA1 and BRCA2 had a combined CNV
prevalence of 6.1% (confidence interval [CI]: 5.4–6.9%)
among pathogenic variants, consistent with previous studies
(individually, BRCA1 11.4% [CI: 10.0–12.9%], BRCA2 1.7%
[CI:1.2–2.3%]).15,19,20 CNVs were also enriched in other
genes, such as EPCAM, STK11, and VHL, and in genes on
various panels with low overall diagnostic yields. Using our
NGS method, we also observed 90 CNVs in the segmentally
duplicated exons 12–15 of the functional gene copy of PMS2
(Supplementary Table 1). Last, 25 CNVs were observed in
promoter regions of GREM1, TP53, and APC.
CNVs in genes associated with pediatric and rare disorders

accounted for 7.7% of pathogenic variants (0–82% range
among panels; Fig. 2c). We found the highest frequencies of
CNVs in panels for early infantile epileptic encephalopathy,
Joubert syndrome, tuberous sclerosis, and cerebral cavernous
malformations (Supplementary Table 4). The genes most
frequently affected by pathogenic CNVs were NF1, NPHP1,
and TSC2 (Supplementary Table 3). Among epilepsy genes,
we observed CNVs involving UBE3A in 15q13.1 and PRRT2
in 16p11.2, which were likely recurrent cytogenetic

Fig. 1 Frequency, size, interpretation, and distribution of copy-number variants (CNVs) observed in clinically tested genes. a Histogram
showing the number of distinct CNVs observed in the tested genes. The columns in the chart indicate the number of times the CNVs were observed. The line
graph shows the proportion of total observed CNVs in each frequency bin. For example, the first column shows that nearly 900 CNVs occurred just once
and, in aggregate, accounted for roughly 30% of all CNVs. b Histogram showing the number of genes that contained CNVs in our clinical cohort. The
columns in the chart show incremental increases in the number of CNVs observed in a gene. The line graph shows the proportion of CNVs at arbitrary
increments of CNV occurrence per gene. For example, nearly 200 genes had just 1 CNV, which together accounted for less than 10% of all events. By
contrast, approximately 30 genes had more than 15 CNVs each, which represented nearly 70% of all CNVs. c Distribution of deletions and duplications by
number of exons affected and by clinical interpretation. Cytogenetic events are defined as contiguous CNVs of the same zygosity affecting neighboring
genes on a single chromosome. Some whole-gene events may in fact be part of larger cytogenetic events but are not listed as such because other genes
within the predicted cytogenetic event were absent from our assay and therefore unavailable for analysis. d Count of CNV duplications and deletions
detected in clinical and baseline CNV data. CNVs are split into those including a whole gene (classes I, V), at least the last exon (classes II, VI), at least the first
exon (classes III, VII), or only an internal exon(s) (classes IV, VIII). A generic gene structure is shown at the top. Green and purple boxes denote “terminal
exons” and all others are “internal exons,” as described in the text. Empty boxes indicate deleted exons. This figure assumes that intragenic duplications
occur in tandem, which is often the case with such events. CNVs involving just promoter regions are not represented in this figure. A Pearson’s chi-squared
contingency table gives a p value of p < 1×10−5 for duplications and p= 1.5×10−5 for deletions, indicating that the difference in the distribution of CNVs
across the gene is not merely due to sampling differences between clinical and baseline CNVs. e and f Deletions and duplications in clinically tested genes
and their interpretations. The chart in (e) shows genes with loss-of-function (LOF) mutational mechanisms, and that in (f) shows genes without loss-of-
function (LOF) mechanisms. Most genes included in our panels were curated as having LOF mechanisms. The clinical classification of each CNV, inheritance
pattern of the gene with the CNV, and zygosity of the variants are compared. For X-linked (XL) genes, heterozygous CNVs in females are shown separately
from CNVs in males. AD autosomal dominant, AR autosomal recessive, F female, het heterozygous, hom homozygous,M male, LP likely pathogenic variant,
P pathogenic variant, VUS variants of uncertain significance. The “Pathogenic” label in c, e, and f includes CNVs classified as pathogenic and likely
pathogenic

TRUTY et al ARTICLE

GENETICS in MEDICINE | Volume 21 | Number 1 | January 2019 117



rearrangements. We observed lower CNV frequencies in gene
panels for ciliopathies, RASopathies, osteogenesis imperfecta,
and cystic fibrosis (Supplementary Table 4). Noonan
syndrome and chronic pancreatitis panels identified very
few or no pathogenic CNVs, although at least 270 individuals
were tested and more than 60 pathogenic variants were
reported in each panel.
Genes for cardiovascular disorders showed a comparatively

lower prevalence of CNVs among pathogenic variants (4.7%

overall; 0–16.7% range among panels). The highest frequencies of
CNVs occurred in panels for cardiomyopathy and skeletal muscle
disease (a subset of the comprehensive cardiomyopathy panel),
familial hypercholesterolemia, and Brugada syndrome (Supple-
mentary Table 4). By contrast, very few CNVs were found in
panels for arrhythmias (other than Brugada) and aortopa-
thies, whereas the cardiomyopathies panel had the lowest
prevalence of pathogenic CNVs. The genes with the highest
number of pathogenic CNVs were LDLR, FBN1, PKP2,
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MYBPC3, and RYR2 (Supplementary Table 3). In some panels
yielding apparently high CNV prevalence, most if not all
CNVs were in only one or two genes (e.g., ENG and LDLR).
Panels for cardiovascular disorders with the highest overall
diagnostic yield also had the genes with the highest prevalence

of CNVs, except those for arrhythmias and cardiomyopathies,
which were depleted of CNVs and in which most positive
diagnoses were instead explained by SNVs.
Gene panels for neurological disorders (mostly neuromus-

cular disorders in our panels) showed the highest prevalence
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of intragenic CNVs among pathogenic variants (35% overall,
0–100% range among panels; Fig. 2a,c; Supplementary
Table 4). This outcome was largely explained by recurrent
gene duplication and reciprocal deletion in PMP22, deletions
in SMN1, and various CNVs in DMD (Supplementary Table 3;
Fig. 2c,d; Supplementary Figure 2). Using a custom NGS
method, we found 135 cases of SMN1 deletion among 819
individuals with suspected spinal muscular atrophy, and the
range of SMN2 copies varied from 0 to 5. Even when PMP22,
SMN1, and DMD were excluded, intragenic CNVs in genes
linked to neurological disorders still represented 6% of all
pathogenic variants in our cohort. Other genes for neurolo-
gical disorders commonly affected by CNVs included PARK2,
LAMA2, and SPG11.

Analysis of baseline CNVs
Our diagnostic testing was limited to disease genes requisi-
tioned by physicians, but many genes unrelated to the
presenting clinical phenotype were also sequenced on our
NGS assays. We de-identified data for all 1507 genes
sequenced in 143,142 individuals and investigated the
occurrence of intragenic CNVs in non-requisitioned genes
to estimate the baseline prevalence of these events. These
phenotype-independent CNVs are hereafter referred to as
“baseline CNVs.” A search for baseline CNVs was performed
in 7–616 genes per individual for a total of 16 million single-
gene analyses. This search yielded 4054 intragenic CNVs
(1465 distinct events) in 3772 individuals across 599 genes
(Supplementary Table 5). Most of these CNVs were present
only once, but a few were seen 2 to more than 15 times
(Fig. 3a; Supplementary Table 6). However, the recurrent
events in aggregate accounted for most of the baseline CNV
observations. The vast majority of genes with baseline CNVs
had five or fewer events (Fig. 3b). A mere 47 genes contained
more than half of all observed baseline CNVs, including both
genes with identical recurrent events and those with a
multitude of unique events. Most individuals with an
intragenic baseline CNV had only a single event, but 146
individuals had additional CNVs in genes on different

chromosomes. On average, we detected a baseline CNV at a
rate of 1 in every 3979 genes sequenced with our assays.
In contrast to CNVs identified in the clinically tested genes

in this cohort, most baseline intragenic CNVs were duplica-
tions (Figs. 1c,d and 3c). Most were also heterozygous
variants in AR genes or genes that lacked established LOF
mechanisms (Fig. 3d,e). A minority of baseline CNVs
occurred in genes associated with AD inheritance or LOF
mechanisms (Figs. 1e,f and 3d,e). The most common baseline
CNVs included whole-gene events in NPHP1, NIPA1,
MYH11, DNAI2, HFE2, SMN1, and PMP22 and partial-gene
events in TFG, BBS9, CTNNA3, PARK2, KCTD7, DNAJC6,
GLIS2, and TUBB4A (Supplementary Table 6). In terms of
characteristics that may explain the existence of baseline
CNVs in disease genes, we noted that nearly 40% of these
CNVs encompassed a whole gene and therefore did not
directly disrupt transcript reading frames (Fig. 3c). Further-
more, roughly 90% of the duplications in genes with LOF
mechanisms were whole-gene events or partial-gene events
including a terminal exon, whereas only half of the deletions
in these genes showed the same patterns (Supplementary
Table 5).
In addition to assessing the overall prevalence and proper-

ties of baseline CNVs, we considered predicted clinical
implications. We observed 237 heterozygous deletions in 97
genes with AD or XL inheritance and LOF mechanisms; most
were in PMP22, DMD, AARS, KCNQ1, FIG4, CHEK2, and
LRSAM1 (Supplementary Tables 5 and 7). We found only two
homozygous deletions in genes with AR inheritance (NPHP1
and SPG7) and only two hemizygous deletions in a single gene
with XL inheritance (DMD) in males. All other homozygous
CNVs in genes with AR inheritance, or hemizygous CNVs in
genes with XL inheritance in males, were duplications.
Furthermore, we observed CNVs specifically in genes with
medical actionability considerations according to the
ACMG.21,22 We evaluated CNVs in 58 of the 59 ACMG-
listed genes (excluding PMS2) in 5,300–69,000 individuals
depending on the assays used for testing. A total of 46
deletions and 110 duplications were detected, suggesting a

Fig. 3 Baseline copy-number variants (CNVs) unrelated to clinical phenotype in a large cohort. The clinical significance of these CNVs was not
evaluated beyond their being deletions in American College of Medical Genetics and Genomics–listed genes with known loss-of-function (LOF) mutational
mechanisms. CNVs in genes that belonged to the same clinical specialty as those ordered for clinical testing were removed from the analysis. Single-exon
low-quality calls were removed to reduce potential false-positive calls. a Histogram showing the number of distinct CNVs observed in genes analyzed for
baseline CNVs. The columns in the chart show the number of times the CNVs were observed. The line graph shows the proportion of total observed CNVs in
each frequency bin. For example, the first column shows that more than 1100 CNVs occurred just once and, in aggregate, accounted for roughly 25% of all
CNVs. By contrast, the last column indicates that 36 CNVs were found more than 15 times and represented more than 40% of all baseline CNVs. b
Histogram showing the number of genes that contained baseline CNVs. The columns in the chart show incremental increases in the number of CNVs
observed in a gene. The line graph shows the proportion of CNVs at arbitrary increments of CNV occurrence per gene. For example, nearly 240 genes had
just one CNV, and together these CNVs accounted for roughly 6% of all events. By contrast, approximately 45 genes had more than 15 CNVs each, which
represented slightly more than 60% of all CNVs. c Distribution of baseline CNVs is shown according to the number of exons affected. Multiexon CNVs
include three classes of 5′ terminal exons, internal exons, and 3′ terminal exons. (D and E) Burden of baseline CNVs in genes according to mode of
inheritance and zygosity. CNVs in genes with LOF mutational mechanisms are shown in part (d) and those in genes without LOF mechanisms are shown in
part (e). CNVs in X-linked (XL) genes were categorized as those observed as heterozygous events in females and hemizygous events in males. AD autosomal
dominant, AR autosomal recessive, F female, M male, het heterozygous, hom homozygous
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frequency of up to 0.8% (CI: 0.58–1.11%) among individuals
tested for those genes. MYH11, MYH7, KCNQ1, and RYR2
contained most of the CNVs. Specifically, there were deletions
in 16 genes—KCNQ1, MYH11, MYH7, MYBPC3, PCSK9,
BRCA1, RYR2, PKP2, TGFBR2, SMAD3, OTC, NF2, FBN1,
DSP, DSC2, and APC—more than half of which have LOF
mechanisms (Supplementary Table 7).

DISCUSSION
Prevalence of clinically important intragenic CNVs
The NGS gene panel data we describe show that although
individual intragenic CNVs may be rare, they constitute a
substantial proportion of clinically important variants in
aggregate. Approximately 60% of the CNVs in our cohort
were individually rare; half of these were found just once,
and the remainder occurred no more than five times.
CNVs accounted for ~3% of all reported variants but a
notable ~9% of clinically significant LP/P variants in
different gene panels across clinical specialties. This
observation emphasizes the importance of using high-
resolution, exon-level copy number detection methods
broadly in genetic testing.

CNVs in relation to gene structure
The location of a CNV within an individual gene can
determine how it alters the structure of that gene and
therefore influences its clinical interpretation. Among CNVs
involving the first or last terminal exons, more deletions than
duplications included first exons. This outcome was expected
in our cohort because most of the genes we tested had LOF
mechanisms and deletions at the 5′ ends of genes are almost
invariably damaging. By contrast, the number of partial-gene
deletions and duplications including 3′ terminal exons were
comparable, which suggests that these CNVs may contribute
less to morbidity. Similarly, partial-gene duplications invol-
ving 3′ terminal exons and full-gene duplications may not
always be deleterious because they can leave functional gene
structure intact (Fig. 1d). Indeed, these types of CNVs are
present in disease genes (e.g., CREBBP) in DGV, which has
substantial data on CNVs in the general population.14

Therefore, partial-gene CNVs involving 3′ terminal exons
may constitute a proportion of normal variation in the
genome and should be scrutinized carefully when detected
during genetic testing. On the contrary, partial-gene CNVs
that involve only internal exons likely disrupt the transcript
reading frame and explain disease. As expected, these
constituted the majority in our clinical cohort. However, we
classified some CNVs involving only internal exons as VUS
because their effect on the transcriptional reading frame was
unclear. Indeed, some of these were also listed as low-
frequency events (e.g., in LRSAM1, NRXN1, and SCN9A) in
healthy individuals in ExAc and DGV.3,6

Patterns of CNV occurrence
Some genes have a single recurrent CNV, others have a
multitude of distinct CNVs, and still others include a mix of

both. Common CNVs affecting an entire gene tend to occur
in genes such as PMP22, MYH11, NPHP1, PRRT2, and
UBE3A, which exist within chromosomal regions that
undergo recurrent rearrangements.23 Some partial-gene
CNVs are also recurrent but less common, as in BRCA1,
RYR2, and VHL. However, most disease genes appear to have
nonrecurrent, rare, and random intragenic CNVs. For
instance, we identified CNVs that in aggregate affected every
exon in DMD and involved a broad variety of exon
combinations (Supplementary Figure 2). A small number of
genes, often involving AD disorders with reduced penetrance,
had both nonrecurrent and recurrent CNVs. For example, we
observed 74 distinct CNVs in BRCA1, of which 36 occurred
only once and 11 occurred five or more times and included
founder mutations segregating on specific haplotypes within
ethnic groups.24,25

Intragenic CNVs across clinical specialties
Panels for cancer syndromes, pediatric and rare disorders, and
neurological disorders showed a high CNV prevalence overall.
For instance, an expected CNV prevalence of 6–22% among
pathogenic variants was observed in BRCA1 and BRCA2
testing for hereditary breast and ovarian cancer or VHL
testing for von Hippel–Lindau disease.15,20,26 The CNV
prevalence in panels for pediatric and neurological disorders
would be higher had we included testing for classic
developmental syndromes and intellectual disability disorders
that are often caused by CNVs detectable on chromosomal
microarrays.27 By contrast, panels for cardiovascular disorders
showed a lower CNV prevalence, likely because these
disorders are predominantly caused by gain-of-function
mechanisms that typically act through SNVs rather than
CNVs. Consistent with our results, a recent study of
cardiomyopathies also showed a low rate of CNVs.28

Baseline CNVs as naturally existing variation
CNVs in clinically relevant genes are mostly deletions and
partial-gene events and often involve only the internal exons
of genes. These properties distinguish them from baseline
CNVs, which mostly exist as duplications and full-gene events
and predominantly involve terminal 5′ and 3′ exons.
Furthermore, baseline CNVs are largely sequestered in genes
associated with disorders that exhibit AR inheritance, AD
inheritance with reduced penetrance, or AD inheritance and
gain-of-function mechanisms.
Baseline CNVs can be divided into two categories—those

that have a likely benign effect because they do not adversely
affect the structural integrity of a gene and those that are
pathogenic but present only as latent carrier alleles. Less than
10% of baseline CNVs in our cohort were in genes associated
with dominant, highly penetrant, early-onset disorders and
had properties of CNVs in the first category. We also
identified a small number of baseline CNVs in the second
category. For example, we found 23 cases of PMP22
duplication, which mirrors findings in a recent report of
intragenic CNVs. Similarly, we identified duplications
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involving TBX1 in 22q11.21, HFE2 in 1q21.1, and PRRT2 in
16p11.2; these were not unexpected because they are part of
well-characterized cytogenetic microduplications with
reduced penetrance.29 In addition, most of the CNVs in
genes prescribed by the ACMG for reporting secondary
findings were duplications. However, there were deletions in
at least 16 genes, of which more than half have LOF
mechanisms. Our data indicate that up to 0.8% of individuals
in the general population may have additional CNVs in the
ACMG-listed genes. Because studies of secondary findings
have focused almost exclusively on SNVs or other sequence
changes,30,31 data on intragenic CNVs in the ACMG-listed
genes provide useful complementary insight into disease-
predisposing variants observable in healthy individuals.32

Study limitations
Because we evaluated only 1507 disease genes and excluded
non–disease genes, the catalog of intragenic CNVs in the
human genome requires further investigation. We were also
unable to test every gene in our clinical menu in every
individual because only assays containing the clinician-
ordered diagnostic panel were used for each individual.
Therefore, some genes were tested much more frequently than
others, and CNV data from these genes should be interpreted
in that context. Furthermore, the majority of the genes we
tested are involved in disorders of haploinsufficiency and
therefore are expected to have more CNVs with LOF effects
than would be the case if a random set of genes were analyzed.
Finally, our assays lacked the resolution required to identify
precise breakpoints for most CNVs. Genome sequencing will
soon provide the clarity needed to address some of these
limitations and to understand the mechanisms that create
intragenic CNVs.
This study is among the first to investigate the prevalence

and properties of intragenic CNVs across >1000 disease
genes in a large clinical cohort. The ~10% prevalence of
CNVs among individuals with a positive test result is a
novel observation that emphasizes the need to routinely
evaluate intragenic copy number in genetic testing. The data
presented here also bridge a long-standing gap in molecular
genetic analysis between SNVs and indels at one end of the
spectrum of detectable variants and chromosomal CNVs at
the other, thereby providing a more complete picture of the
molecular etiologies responsible for hereditary disease.
Finally, in addition to cultivating a better appreciation of
the involvement of CNVs in clinical phenotypes, these data
provide insight into baseline CNVs, thereby enhancing the
resolution of the human genome dosage map and further
illuminating CNV variation that exists naturally in the
general population.
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