Downloaded from genome.cshlip.org on July 17, 2026 . Published by Cold Spring Harbor Laboratory Press

Deletions of recessive disease genes: CNV contribution to carrier
states and disease-causing alleles

Philip M Boone, lan M Campbell, Brett C Baggett, et al.

Genome Res. published online May 16, 2013
Access the most recent version at doi:10.1101/gr.156075.113

P<P  Published online May 16, 2013 in advance of the print journal.

Accepted  Peer-reviewed and accepted for publication but not copyedited or typeset; accepted
Manuscript manuscript is likely to differ from the final, published version.

Creative This article is distributed exclusively by Cold Spring Harbor Laboratory Press for the
Commons first six months after the full-issue publication date (see

License http://genome.cship.org/site/misc/terms.xhtml). After six months, it is available under
a Creative Commons License (Attribution-NonCommercial 3.0 Unported), as
described at http://creativecommons.org/licenses/by-nc/3.0/.

Email Alerting  Receive free email alerts when new articles cite this article - sign up in the box at the
Service top right corner of the article or click here.

Comprehensive immune receptor profiling. :#:
L

Discover the DriverMap™ AIR Assay difference, CELLECTA

To subscribe to Genome Research go to:
https://genome.cshlp.org/subscriptions

© 2013, Published by Cold Spring Harbor Laboratory Press


http://genome.cshlp.org/lookup/doi/10.1101/gr.156075.113
http://genome.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/3.0/
http://genome.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gr.156075.113&return_type=article&return_url=http://genome.cshlp.org/content/10.1101/gr.156075.113.full.pdf
http://genome.cshlp.org/cgi/adclick/?ad=58200&adclick=true&url=https%3A%2F%2Fcellecta.net%2Fdrivermap-air-genres-230201-468x60
https://genome.cshlp.org/subscriptions
http://genome.cshlp.org/
http://www.cshlpress.com
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlip.org on July 17, 2026 . Published by Cold Spring Harbor Laboratory Press

Deletions of recessive disease genes. CNV contribution to carrier states and disease-causing

alldes

Philip M. Boone,* lan M. Campbell,* Brett C. Baggett,® Zachry T. Soens,® Mitchell M. Rao,’
Patricia M. Hixson,** Ankita Patel,* Weimin Bi,"* Sau Wai Cheung,"* Seema R. Lalani,"***

Arthur L. Beaudet,“**** Pawel Stankiewicz,“* Chad A. Shaw,™* James R. Lupski,*****

1) Dept. of Molecular and Human Genetics, Baylor College of Medicine, Houston, TX, USA; 2)
Medical Genetics Laboratories, Baylor College of Medicine; 3) Dept. of Pediatrics, Baylor
College of Medicine; 4) Texas Children’s Hospital, Houston, TX, USA; 5) Dept. of Molecular

and Cellular Biology, Baylor College of Medicine

*Correspondence:

Dr. James R. Lupski

Department of Molecular & Human Genetics
Baylor College of Medicine

One Baylor Plaza, Room 604B

Houston, TX 77030, USA

Tel: +1 713 798 6530

Fax: +1 713 798 5073

E-mail: jlupski@bcm.edu



http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on July 17, 2026 . Published by Cold Spring Harbor Laboratory Press

Running Title: CNV carrier states and recessive disease alleles

Key Words: recessive carrier status, CNV mutation, cis genetics, genetic load, alélic

architecture, complex phenotype


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlip.org on July 17, 2026 . Published by Cold Spring Harbor Laboratory Press

Abstract

Over 1,200 recessive disease genes have been described in humans. The prevalence,
alelic architecture, and per-genome load of pathogenic alleles in these genes remain to be fully
elucidated, as does the contribution of DNA copy-number variants (CNVs) to carrier status and
recessive disease. We mined CNV data from 21,470 individuals obtained by array comparative
genomic hybridization in a clinical diagnostic setting to identify deletions encompassing or
disrupting recessive disease genes. We identified 3,212 heterozygous potential carrier deletions
affecting 419 uniqgue recessive disease genes. Deletion frequency of these genes ranged from one
occurrence to 1.5%. When compared with recessive disease genes never deleted in our cohort,
the 419 recessive disease genes affected by at least one carrier deletion were longer and were
located farther from known dominant disease genes, suggesting that the formation and/or
prevalence of carrier CNV's may be affected by both local and adjacent genomic features and by
selection. Some subjects had multiple carrier CNVs (307 subjects) and/or carrier deletions
encompassing more than one recessive disease gene (206 deletions). Heterozygous deletions
spanning multiple recessive disease genes may confer carrier status for multiple single-gene
disorders, for complex syndromes resulting from the combination of two or more recessive
conditions, or may potentially cause clinical phenotypes due to a multiply heterozygous state. In
addition to carrier mutations, we identified homozygous and hemizygous deletions potentially
causative for recessive disease. We provide further evidence that CNV's contribute to the allelic
architecture of both carrier and recessive disease-causing mutations. Thus, a complete recessive

carrier screening method or diagnostic test should detect CNV alleles.
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Introduction

Over one thousand recessive genetic disorders have been described, and many of their
corresponding disease genes identified (http://www.omim.org). While most of these conditions
are individually rare (Srinivasan et al. 2010), their collective burden on health is noteworthy
(Kumar et al. 2001; McCandless et a. 2004; Dye et al. 2011a; Dye et al. 2011b). However, for
many recessive diseases, the overall mutational spectrum, prevalence, and carrier frequency in
the population remain obscure, as does an accurate estimate of the total per-genome load of
recessive carrier mutations.

Identifying disease-causing mutations in individuals affected with recessive disease can
provide a molecular diagnosis that not only brings an end to an often long diagnostic odyssey
(Lupski et al. 2010; Field and Boat 2011), but can also potentially enable therapeutic options
(Bainbridge et al. 2011; van Karnebeek and Stockler 2012). Carrier testing for heterozygous
mutations in recessive disease genes also has clinical utility. An approach to multi-gene carrier
screening in a clinical setting was described recently by Lazarin et al., who screened 23,453
individuals for selected, previoudy reported alleles (mostly simple nucleotide variants, or SNVS)
associated with 108 recessive disorders (Srinivasan et al. 2010; Lazarin et al. 2013). Twenty-four
percent of individuals were carriers for at least one condition, and 5.2% were carriers for two or
more recessive traits. These statistics represent lower bounds, as only 417 alees (average of
approximately four alleles per gene) were assessed. Notably, only five of the 417 genotyped
aleles (~1%) were DNA copy-number variants (CNVs) (Srinivasan et al. 2010).

Incorporating next-generation sequencing into carrier screening, Bell et a. (2011)
recently demonstrated that capture sequencing of 437 recessive disease genes could identify

SNVs in a group of 104 individuals, most of whom were known carriers or patients with a
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recessive disease. A few gross deletions were assayed for and detected, although custom capture
baits were designed for each based on a priori knowledge of their presence and location. The
method of Bell et al. is not yet clinically available. Furthermore, the gene list did not include
many recessive disease genes, for example genes for recessive deafness, intellectual disability, or
adult-onset cancers. An estimation of carrier load was made (average of 2.4 mutations per
individual, range 0-7), although cell lines were the source of DNA, potentially affecting the
accuracy of thisvalue (Epeldegui et al. 2007).

Whole genome and whole exome sequences of a number of individuals have yielded
some additional information about per-genome load of carrier mutations (Gonzaga-Jauregui et al.
2012). For example, Ashley, et al. (2010) analyzed the whole genome sequence of a single
individual, identifying five carrier SNV's previously reported as pathogenic and two novel, likely
damaging carrier variants. Berg, et al. (2013) analyzed 80 whole genome sequences and found an
average of 5.5 potential SNV carrier variants per genome, with arange of 0-12. MacArthur, et al.
(2012) analyzed data from the 1000 Genomes Project (1000GP) pilot phase, identifying 26
known and 21 predicted disease-causing alleles, however the per-person load of variants was not
enumerated. The 1000GP pilot phase data were further mined by Xue et al. (2012) to more
accurately identify likely damaging mutations, however the predicted consequence of each
variant (i.e. disease-causing vs. carrier) was not systematically addressed in light of the
inheritance pattern(s) of any associated Mendelian disease(s). Carrier aleles were not addressed
in the recent initial publication of the Phase 1 1000GP data (The 1000 Genomes Project
Consortium 2012).

CNV's encompassing recessive disease genes have been described as carrier alleles and

disease causing mutations for a number of conditions, and are occasionally among the most
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common causative mutations for a condition (Luzi et a. 1995; Rafi et al. 1995). While some
reports of genome-wide copy-number analyses have mentioned carrier CNVs (e.g. (Pang et al.
2010), which examined losses affecting any of 472 recessive disease genes in data from the
Venter genome), this information is absent from others (Mills et al. 2011). Thus, the genome-
wide contribution of CNVs to carrier states and recessive disease-causing mutations, and the
diagnostic yield of aCGH to detect these variants, are not yet clear.

We sought to describe the contribution of CNV's to recessive carrier states and recessive
disease. To this end, we examined the genomes of a clinical cohort of 21,470 subjects analyzed
by aCGH (also known as chromosomal microarray anaysis, or CMA (Cheung et a. 2005)) for

CNVsdeleting part or all of at least one known recessive disease gene.

Results

Computational analysis identified 165,595 CNVs in our cohort of 21,470 individuals
using a non-targeted, genome-wide CGH array (“V7” array; 19,707 CNVsin 4,928 subjects, avg.
4.0/subject) and a genome-wide CGH array with supplemental exon coverage (“V8” array;
145,888 CNVsin 16,542 subjects; avg. 8.8/subject). Initial filtering steps yielded 6,372 deletions
affecting at least one exon of a Mendelian disease gene and not affecting any genes associated
solely with dominant diseases or diseases with complex inheritance patterns (Supplemental Fig.
S1). While each deletion contained one or more genes associated with a recessive phenotype,
some of these genes are solely associated with a recessive phenotype (* recessive disease genes’)
whereas others are associated with both recessive and dominant phenotypes (“rec/dom disease
genes’). As CNVs deleting rec/dom disease genes could contribute to either recessive or

dominant disease, these CNVs were ordered in lower priority “tiers” (Tiers 2 and 3;
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Supplemental Fig. S1) than were CNV s affecting only recessive disease genes (Tier 1). Deletions
were then parsed by zygosity and subjected to final quality control (Supplemental Methods and
Supplemental Fig. S1), yielding the number of heterozygous, homozygous, and hemizygous
deletions listed in Table 1. Detailed CNV data are shown as Supplemental Table S2.

The percentage of subjects with a CNV passing the above filtering steps is displayed as
Supplemental Figure S2. As Tiers 2 and 3 represent a small proportion of the total CNVs
(Supplemental Figure S2) and the CNVs within them are less readily interpretable, subsequent
data and analyses focus on Tier 1 deletions. Statistics concerning Tier 1 deletions are presented

in depth in Table 2.

Heterozygous deletions of recess ve disease genes: potential carrier CNVs

The 3,212 heterozygous Tier 1 deletions (Table 2 and Supplemental Table S2) represent
potential carrier aleles. These were identified at an overall prevalence of approximately 1 per 19
subjects for V7 cases and 1 per 6 subjects for V8 cases (Table 2). The digtribution of Tier 1
heterozygous deletion sizesis shown in Figure 1a, and the distribution of RefSeq genes per CNV
in Figure 1b. These data demonstrate the predominance of small, single-gene events among V8
heterozygous Tier 1 deletions, likely detected on account of the exon-focused design of the V8
array. The distribution of recessive disease genes per CNV is shown in Figure 1c.

In total, 419 of 1,228 known recessive disease genes (34%) were encompassed or
disrupted by at least one Tier 1 heterozygous deletion. Of the 359 genes screened by capture
sequencing by Bell et al. (2011) and designated as recessive disease genes in Supplemental Table
S1, 140 were deleted by at least one Tier 1 heterozygous CNV (Supplemental Fig. S3). These

copy-number variants or a proportion thereof may have evaded a capture sequencing screen asin
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Bell et al. The remaining 279 recessive disease genes deleted by Tier 1 heterozygous CNV's were
not screened for mutations by Bell et al.

Many apparent carrier CNV alleles (1625/3212, 51% of heterozygous Tier 1 deletions)
matched intervals in the Database of Genomic Variants (DGV; http://projects.tcag.calvariation/),
a database of CNV data from control individuals, by 50% mutual overlap (Table 2 and
Supplemental Table S2). This serves as a positive control of our assay and analysis and suggests
that this subset of deletions we report may represent non-private variants derived from founder
events and/or recurrent CNV formation. Deletions not previously cataloged in DGV may be
novel.

Of the heterozygous Tier 1 deletions described above, 490 (15.3%) affected X-linked

genesin females, a special type of carrier state.

Carrier frequency

The frequency with which each of the 419 unique recessive disease genes is deleted
among Tier 1 heterozygous CNVs ranges from one occurrence to 314 (1.5%; V7 and 8
combined), with a frequency distribution shown in Figure 2a and Supplemental Table S3. There
are afew commonly affected genes and many rarely affected genes. We investigated whether our
ascertainment of affected recessive disease genes was “saturated,” i.e. whether testing additional
individuals would identify additional unique mutated recessive disease genes. Figure 2b plots our
chronological ascertainment of unique recessive disease genes, and indicates that it continues to
rise even after assessing 2829 subjects with a Tier 1 heterozygous deletion, consistent with

genomic observations of rare variant SNV alleles (Lupski et al. 2011; Marth et al. 2011).
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The most frequently deleted genes in our cohort are listed in Supplemental Table Sb.
Some display a variety of deletion alleles, while others are the substrate of only one or a few
ancestral and/or recurrent deletions. Among CNV's affecting commonly deleted genes, some very
likely represent carrier alleles (e.g. deletions of NPHP1), while others appear to be too common
in our cohort to be deleterious, given the incidence of the associated recessive disease(s) (e.g.
deletions of a noncoding, alternative exon of LEPREL1); these common CNV aleles likely
represent benign polymorphisms. Some entries in Supplemental Table S5 have intermediate
frequencies, a diversity of aleles, or an unknown disease incidence in the population, rendering
their roles as carrier alleles less clear.

The LEPREL1 noncoding exon deletions (above) led us to assess the overall contribution
of CNVs affecting noncoding exons in our dataset. We compared a test set of 2803 Tier 1
heterozygous deletions overlapping Ref Seq exons to the UCSC genome browser CCDS track (a
consensus track of the protein coding portions of the genome; data not shown). Five hundred
eighty-eight of the 2803 CNV's (21%) did not delete a coding exon, however 238 of these 588
(40%) were the LEPREL1 deletion mentioned above, and another 240/588 (40%) were NKX2-6
deletions, also featured in Supplemental Table S5 (the RefSeq and UCSC gene models disagree
concerning whether NKX2-6 is coding, and it is not part of CCDS). When the LEPREL1 and
NKX2-6 CNVs are removed from the test set, the remaining 110 CNVs deleting non-coding
exons make up asmall proportion of the total (110/2325, 4.7%).

We compared SNV carrier frequencies in recessive disease genes screened by Lazarin, et
al. (2013) to deletion carrier frequencies in our cohort (Supplemental Table S10, Fig. 3). We
limited this analysis to genes that were assigned purely recessive status (i.e. not rec/dom, etc.)

and that have exonic probe coverage on the V8 (exon-focused) CGH array, and used only V8
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Tier 1 deletion data. For the 49 genes fulfilling these criteria, SNV carrier frequency was 13.5
times higher than deletion carrier frequency, however for five of the 49 genes (CTNS, LAMC2,
SACS CLNS, and ALDH3A2) deletion carrier frequency was higher than that of SNVs. CTNSis
notable in that a single 57 kb deletion eliminating the first 10 exons of the gene is present in
either the heterozygous or homozygous state in 76% of European patients with nephropathic
cystinosis (OMIM #219800), making it the predominant mutation for this condition (Forestier et
a. 1999). Twenty-five V8 patients were carriers for this allele, and five for larger deletions
affecting CTNS. This deletion was not screened for by Lazarin et al. (2013). Figure 3 compares
the SNV and deletion carrier frequencies in Supplemental Table S10, and demonstrates a lack of
correlation between the two (Spearman correlation coefficient = 0.122, p(estimated) = 0.399), in
support of the idea that each recessive disease locus may differ in the frequency contribution of

SNV versus CNV aldes.

CNVs spanning two or more recessive disease genes

Two hundred six Tier 1 heterozygous CNV's deleted multiple recessive disease genes,
with arange of 2-6 of such genesin each deletion (Table 2 and Supplemental Table S2, Fig. 1c).
These deletions contributed to the difference between the number of CNV's per individual (Fig.
1d) and the total carrier load in that individual (Fig. 1€). In contrast to a carrier point mutation, a
single heterozygous deletion containing two or more recessive disease genes confers carrier
status for multiple recessive conditions, each of which could manifest by a mutation on the
remaining allele. In addition, if such a deletion is homozygous or hemizygous, it could lead to a
complex recessive phenotype, for example the autosomal recessive hypotonia-cystinuria

syndrome (OMIM #606407) and X-linked deletions of Xpl1.4-p21.2 leading to combinations of
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Duchenne muscular dystrophy, ornithine transcarbamylase deficiency, McLeod syndrome, and
chronic granulomatous disease in males (Peng et al. 2007). Furthermore, the multiply
heterozygous state could potentially itself manifest disease (i.e. digenic or oligogenic
inheritance) if the genes involved encode proteins in the same pathway and contribute to a
mutational load that surpasses athreshold for disease (Lupski 2012).

We investigated how many genomic regions exist in the human genome in which two or
more recessive disease genes in cis are not separated by a known dominant or rec/dom disease
gene or centromere, as each of these regions may predict a locus for which deletion may
eiminate or disrupt two or more recessive disease genes, with potential consequences as
described above. We analyzed our gene list (Supplemental Table S1) and found that 294 such
genomic regions exist (Fig. 4; Supplemental Table $4; Supplemental Methods), containing

between two and ten recessive disease genes and including 19 regions on the X chromosome.

Individuals with multiple carrier deletions

Three hundred seven subjects had multiple Tier 1 heterozygous deletions (range 2-7; Fig.
1d), contributing to the total CNV carrier load per individual shown in Figure 1le. We examined
whether these CNV's (specifically, the gene deletions they cause) are distributed independently
among the V8 subjects in our cohort. To do this, we modeled the expected number of V8
individuals with multiple recessive disease genes deleted in trans using a binomial distribution
(Supplemental Methods, Fig. 2c). The number of individuals in our cohort with multiple
potential carrier deletions does not significantly deviate from the modeled expectation (p=0.312;
Fig. 2c), suggesting that the number of CNV carrier alleles are distributed randomly among V8

subjectsin our cohort.
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To determine whether any specific genes in trans are more or less commonly co-del eted,
we performed pair-wise comparisons of co-deletion frequency for all pairs of 374 genes deleted
by V8 Tier 1 heterozygous deletions (Fig. 2d). In addition to the expected cis interactions, we
found pairs of genesin trans that showed some evidence for enriched co-occurrence of deletion.

While many recessive disease genes co-deleted in a single individual have unrelated
functions, afew cases exist in which these genes appear to be in related pathways. An exampleis
subject 1399, in whom a CNV at 6p21.32 (CNV 1080) deletes three recessive immune genes:
PSMBS, the disease gene for autoinflammation, lipodystrophy, and dermatosis syndrome
(OMIM #256040), and TAP1 and TAP2, both disease genes for type | bare lymphocyte syndrome
(OMIM #604571). In the same individual, a CNV at 16p11.2 (CNV 2211) deletes one recessive
immune gene (CD19, the disease gene for common variable immunodeficiency 3 (OMIM
#613493)) and two recessive disease genes unrelated to immune function. Thus, this patient is
heterozygously deleted for four genes related to recessive immunological conditions on account
of both multiple carrier CNVs and a CNV spanning multiple recessive disease genes! Owing to
the anonymized fashion in which our study was conducted, it is unknown whether the multiply

heterozygous state contributes to an immune phenotype.

Genomic signatures of CNV carrier mutations

We investigated whether particular features of recessive disease genes correlated with
their deletion in our cohort. To do this, we compared the 419 recessive disease genes deleted at
least once by Tier 1 heterozygous CNVs to all remaining recessive disease genes. Recessive
disease genes deleted at least once were farther from the nearest dominant disease gene than

were the remaining recessive disease genes (median distance 1.55 Mb vs. 0.66 Mb, respectively;
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p=3.3x10™", Wilcoxon rank sum test with continuity correction) (Fig. 5a). Additionally, these
genes were larger (median genomic size 45.1 kb vs. 24.0 kb; p=9.3x10"®) and had lower
fractional content of Alu elements (see Supplemental Methods) (median 11.9% vs. 18.0%;

p=2.33x10") (Fig. 5b-c).

CNV validation and robustness

To investigate the possibility of false positive CNV calls, particularly among deletions
encompassing only a few (e.g. < 9) array probes, , we examined the average probe log, value
across each heterozygous Tier 1 deletion, parsed by the number of array probes within each
deletion (Supplemental Table S8, Supplemental Figure $4). Additionally, a subset of CNV's was
assessed by PCR using primers spanning the hypothesized deletion breakpoints and/or by FISH.
Of 56 total PCRs, seven had equivocal results, and of the remaining 49 cases, 39 (80%)
confirmed the deletion (Supplemental Fig. $4, Supplemental Table S2, data not shown). All 187
deletions assayed by FISH were confirmed, including 20 (11%) with < 9 array probes
(Supplemental Fig. $4, Supplemental Table S2, data not shown). FISH confirmed one CNV for
which PCR was equivocal (CNV 315).

Despite the above data suggesting that most small CNV callsin our dataset are robust, we
repeated several analyses (Figs. 1a, 2b, and 5) using only data from CNV's comprised of > 10
probes. This analysis demonstrates that our findings persist even without small CNVs

(Supplemental Table S9, Supplemental Fig. S5):

Homozygous deletions
Eight homozygous deletions were identified (Supplementa Table S6, Fig. 6): A

homozygous deletion at 2p21 (subject 163) deletes the recessive disease gene SLC3A1 (mutated
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in cystinuria, OMIM #220100) as well as much of PREPL (Fig. 6a). Homozygous deletions
spanning both SLC3A1 and PREPL have been described as causing hypotonia-cystinuria
syndrome (HCS; OMIM #606407), as have larger homozygous losses including additional genes
causing the so-called 2p21 deletion syndrome, which has a more severe phenotype (Parvari et al.
2001). A spectrum of HCS deletions at this locus have been described in patients and carriers
(Martens et al. 2007), consistent with the variety of heterozygous deletions at this locus among
subjects in our cohort (Fig. 6a). It is unknown whether subject 163 suffers from neonatal
hypotonia, failure to thrive, growth retardation, and/or type | cystinuria. If so, exon-targeted
aCGH has potentially provided a molecular diagnosis for this rare, phenotypically complex
recessive condition.

The deletion at 2913 in subject 133 results in the complete eimination of NPHPL,
LINC0O0116, and exon 1 of MALL (Fig. 6b). Homozygous deletion of NPHP1 is the most
common cause of juvenile nephronophthiss 1 (OMIM #256100) (Konrad et a. 1996).
Homozygous or compound heterozygous mutations in NPHPL are also associated with Joubert
syndrome 4 (OMIM #609583) and Senior-Lgken syndrome 1 (OMIM #266900). The NPHP1
region is characterized by complex repeat structure (Fig. 6b), predisposing to various
rearrangements by non-allelic homologous recombination (Saunier et a. 2000). The deletion in
subject 133 appears to be a compound heterozygous deletion, as indicated by the heterozygous
loss of the rest of MALL and a few miRNA genes (Fig. 6b). Neither subject 133 nor subject 163
have other likely pathogenic CNVs in addition to the homozygous deletions described (data not
shown).

Six homozygous deletions eliminated a noncoding alternative exon 1 of the LEPREL1

gene at 3928 (Fig. 6¢). A homozygous missense mutation in this gene has been described in a
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single consanguineous pedigree segregating with high myopia with cataract and vitreoretinal
degeneration (OMIM #614292) (Mordecha et al. 2011). The high frequency of homozygotes
and carriers in our cohort suggests that this is most likely not a disease-causing variant for this
condition.

Neither consanguinity nor absence of heterozygosity (AOH) were assessed overall in our
cohort. However, SNP array data were available for a single subject (2930) with a homozygous
LEPREL1 deletion (Supplemental Figure S6; methods available upon request). These indicated
>665 Mb of AOH, consistent with consanguinity. LEPREL1 was located within one region of
AOH, both explaining the origin of this subject’s homozygous deletion and indicating that our

algorithm correctly called the zygosity of this CNV.

Hemizygous deletions

Sixty-seven males in our cohort had hemizygous Tier 1 deletions (Table 2, Supplemental
Tables S2, S7). In total, hemizygous Tier 1 deletions encompass 14 unique, recessive, X-linked
genes (Supplemental Table S7). The most commonly deleted genes are DMD (16 hemizygous
deletions; 1 per 1,034 V8 subjects), STS (10 hemizygous deletions; 1 per 1,654 V8 subjects), and

OPNI1LW (eight hemizygous deletions; 1 per 2,068 V8 subjects).

Discussion

Recessive genetic diseases, while individually rare, number in the thousands and
contribute substantially to the burden of disease with a genetic basis. The extent to which DNA
copy-number variations (CNV's) contribute to recessive disease or recessive carrier mutations has

not been investigated on a genome-wide scale in a large cohort. We sought to identify and
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describe CNV carrier and recessive disease-causing alleles using genomic copy-number data

from aclinical cohort of 21,470 individuals.

Heterozygous del etions of recess ve disease genes. potential carrier CNVs

Potential carrier CNV's were identified by mining our dataset for heterozygous deletions
encompassing or disrupting recessive disease genes. We calculated the prevalence of such events
using two different CGH array platforms. These values provide provisional estimates of the CNV
contribution to recessive carrier load upon which future investigations can improve. The V8
array, with both backbone probes and supplemental probes localized to the exons of selected
genes, identified more CNVs and CNVs of markedly smaller minimum size than did the V7
(backbone probes only) array. Thus, aCGH using a higher-resolution, exon-focused design
enables the detection of additional potential carrier alleles, particularly small CNVs
encompassing or disrupting single genes.

An abundance of small carrier deletions, many of which encompass only a few array
probes, raises the possibility of false positive CNV calls (Haraksingh et a. 2011). We took
multiple measures to filter out low quality CNVs and found that over 50% of filtered CNVs
matched alleles in the Database of Genomic Variants (DGV), and a high percentage of filtered
CNVs tested by PCR or FISH were validated. Additionally, when we repeated several of our
analyses using only CNV's spanning >10 probes, each of our original conclusions were upheld
(Supplemental Fig. S5). Moreover, an abundance of small CNVs is consistent with the overall
alele frequency spectrum of CNVs in personal genomes (e.g. (Conrad et al. 2010; Mills et al.

2011)).

Carrier Frequency
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We estimated gene-specific CNV carrier frequencies for the 419 recessive disease genes
deleted heterozygously in our cohort; these are characterized by a few commonly mutated genes
and a“long tail” of more rarely variant loci, consistent with observations of SNV carrier alleles
(Srinivasan et al. 2010). The ascertainment of unique recessive disease genes deleted |essened
over time, but did not appear to reach saturation, reminiscent of the continued identification of
novel SNPs in personal genomes despite a multitude of previously sequenced genomes (Lupski
et al. 2011; Marth et al. 2011; Gonzaga-Jauregui et a. 2012). Abundant novel alleles are also
consistent with low-frequency technical error; however, our finding of continued novelty persists
even among our highest confidence (>10 probe) CNVs, indicating that the observed copious
diversity of CNV carrier alleles exists and extends even to large CNVs.

We compared the gene-specific CNV carrier frequencies in our cohort to SNV carrier
frequencies recently published by Lazarin, et a. (2013) and found that the two are not correlated.
Our study also identified CNVs affecting hundreds of recessive disease genes not assayed by
either Lazarin et al. or Bell et a. (2011) in their approaches to carrier screening. This indicates
that while an ‘SNV-centric’ carrier screen of genes with high SNV carrier frequency in the
population may be ideal for efficient SNV carrier screening, the list of ‘priority’ genes may be

different if carrier states caused by CNV's are considered.

CNVs spanning two or more recessive disease genes

By identifying heterozygous CNV's in our cohort that span two or more recessive disease
genes, we identified variants that, in a single allele, may render the affected individual a carrier
for multiple recessive diseases. Such CNVs were present in ~1% of subjects in our cohort and

encompassed between two and six recessive disease genes each. Our genome-wide prediction of
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loci susceptible to this kind of mutation (Fig. 4, Supplemental Table S4) indicates that up to 10
recessive disease genes can be deleted in cis without deleting a known dominant or rec/dom
disease gene. We hypothesize that carrier load from CNVs may be particularly skewed in
individuals with deletions spanning multiple recessive disease genes, and may even exceed the
SNV carrier load.

Analogous to dominant contiguous gene syndromes, in which two or more discrete dominant
disease genes may contribute to a complex phenotype (Campbell et al. 2012), recessive
contiguous gene syndromes have also been described (e.g. hypotonia-cystinuria syndrome;
OMIM #606407). By identifying all contiguous recessive disease genes in the genome, we
delineate hundreds of potential complex recessive phenotypes (recessive contiguous gene
syndromes) that could result from homozygous or hemizygous deletion of these loci, further
developing the concept of oligogenic inheritance and cis-genetics, in contrast to the trans-
genetics in which Mendelism is so rooted (Lupski et a. 2011). Such phenotypes may challenge
diagnostic acumen; thus, a laboratory method that assays for CNVs at high resolution in these

predicted genomic regions may facilitate a molecular diagnosis.

Individuals with multiple carrier deletions

In addition to CNV's affecting multiple recessive disease genes, multiple carrier CNVsin
the same individual could contribute to an overall load of carrier mutations. Indeed, a subset of
subjects in our cohort (>1%) has multiple potential CNV carrier alleles. Estimates of the
recessive carrier load per individual have been proposed for some time (Muller 1950; Morton et
al. 1956; Morton 1960), and recently empirical estimates have been made from genome-wide or

targeted analyses (Bell et al. 2011; Berg et al. 2013; Lazarin et al. 2013), suggesting that the
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average per-person SNV carrier load is likely less than ten carrier mutations. Thus, our data
suggest that multiple CNVs may contribute appreciably to the overall carrier load in some

individuals.

Genomic signatures of CNV carrier mutations

We found that recessive disease genes deleted at least once in our cohort tended to be
located, in terms of median distance, two to three times farther from the nearest dominant disease
gene than were never-del eted recessive disease genes. This correlation may suggest a mechanism
whereby an adjacent locus (dominant gene) can affect population alele frequency at another
locus (CNV frequency in a recessive disease gene), since a deletion encompassing both genes
would potentially lead to dominant disease and be selected against (Fig. 7a-b). This finding
persists among CNVs>10 probes, the most robust group of CNVsin our analyses (Supplemental
Fig. Sb¢).

We also found that recessive disease genes deleted at least once in our cohort tended to
be larger, genomically, than those never deleted. This correlation may be the result of a
confounding variable, for example number of exons or likelihood of exon coverage on the V8
array. However, it may also suggest that, for large recessive disease genes, many deletions do not
span beyond the boundary of the gene. Thus, irrespective of this recessive disease gene's
proximity to the nearest dominant disease gene, many deletions in this gene are solely carrier
deletions.

Furthermore, recessive disease genes deleted at least once in our cohort tended to have a
lower Alu content than recessive disease genes never deleted. It has been proposed that Alu

elements play a role in the generation of genome rearrangements by various mechanisms
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(Lehrman et al. 1985; Boone et al. 2011). Thus, loci with high Alu density may be predisposed to
copy-number change, and as such these loci might be expected to be enriched for variants
contributing to dominant (Boone et a. 2011) or semi-dominant (Lehrman et al. 1985)
phenotypes, for which new mutation is important. In our cohort, Alu density is not associated
with recessive disease genes affected by CNV carrier states, potentially because of the minor
importance of new mutation, as compared with inherited variation, for recessive alleles. The
reason for a lower Alu concentration (as opposed to statistically equivalent) among recessive

disease genes deleted at |east once is unknown.

Homozygous del etions

Three homozygously deleted regions illustrate the ability of screening aCGH to provide a
molecular diagnosis for recessive disease, including one case of a two-gene homozygous
deletion potentially leading to HCS, a recessive contiguous gene syndrome. The total number of
homozygotes in our cohort appears small, given that this is a population screened because of a
clinical phenotype.The subjects studied are largely from a diverse urban population with no
historical evidence for a high percentage of consanguineous unions, athough frequency of
consanguinity in our clinical cohort has not been experimentally assessed. The possibility of an
overly stringent log, cutoff for homozygous deletions (-2) can likely be excluded (Supplemental
Fig. S7). One factor that may contribute to the small number of homozygous CNVs is that our
CNV-calling algorithm does not incorporate dim probes (probes with very low fluorescence) into

CNV calls.

Hemizygous del etions
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The V8 hemizygous deletion frequency and V8 carrier frequency are similar for most
genesin Supplemental Table S7. Thisis consistent with the following: 1) for non-lethal X-linked
recessive conditions, the prevalence in the population of carrier females and affected males
should be somewhat similar; and 2) the mothers of boys identified by aCGH to have an X-linked
potentially pathogenic CNV are often tested by aCGH in order to estimate recurrence risk; such
carrier females are included in our cohort. Two genes, however, do not follow the above pattern:
OCRL and OPN1LW.

Heterozygous OCRL deletions are present in 314 females in our cohort (Supplemental
Tables S2 and S5). All are the same, single-exon (exon 16 of 24), in-frame loss and are likely
benign based on the high frequency of this event in our cohort and the low incidence of Lowe
syndrome (OMIM #309000) and Dent disease 2 (OMIM #300555). In contrast to the large
number of female heterozygotes, there is only a single male with a hemizygous OCRL deletion
(an 11-probe loss of exons 5 and 6). Whereas it is possible that the exon 16 OCRL losses are
technical artifacts, it is perhaps more likely that they are not ascertained in hemizygous state
owing to dim probes that are excluded from the CNV-calling agorithm. Note also that no
homozygous OCRL deletion was detected.

OPNI1LW encodes red cone pigment, associated with red-green color vision defects
(OMIM #303700 and #303900) present in ~8% of northern European males (Deeb and M otul sky
1993). This gene was deleted in eight V8 males, compared with no heterozygous deletionsin V8
females. This may be explained by the homology shared between OPN1LW and the nearby
OPN1MW (green cone pigment gene; often present in multiple iterative copies): A deletion
resulting from recombination between OPN1LW and OPN1IMW, the most common mutation

causing red-green colorblindness (Nathans et al. 1986), leaves a remaining hybrid gene copy and
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may leave one or more intact gene copies. Thus, at this multi-allelic CNV locus, CGH probe log;
ratios are expected to be attenuated; indeed, the average log, in our cohort for hemizygous
deletions of this locus was -1.13, compared with -2.97 for hemizygous deletions of all other
genes. Log, ratios of heterozygous deletions do not fall below the computational threshold (-
415) defined by our algorithm (data not shown), explaining the lack of carrier CNVs in

OPN1LW in Supplemental Tables S2 and S7.

Limitations

The following are potential limitations of our study, which suggest opportunities for
future research: 1) We did not examine copy-number gains, 2) Many deletions were not
validated by an alternative molecular method in addition to aCGH; 3) We did not manually
review each deletion, its relation to gene structure, and consider published disease-causing and
benign variants to assign its potentia pathogenicity. This requires an approach for example in
(Boone et a. 2013) and (de Leeuw et al. 2012) that has yet to be fully automated and can be
difficult when the mutation is novel or has not been studied by case-control or experimental (i.e.
model organism) approaches; 4) The minimum interval of copy number change was used to
determine the genes deleted by each CNV. Thus, some CNV's may encompass additional genes;
5) Pseudogenes may prevent array probe coverage of some recessive disease genes (e.g. SMN1,
which does not have exonic probe coverage on our array on account of the pseudogene SVIN2);
6) Some exons are not unique or large enough to contain multiple probes; thus, exon coverageis
not equal for all exon-covered genes; 7) Our assignment of inheritance patterns to genes was
largely computational and may benefit from manual review of these 2,125 genes; 8) Deletions

falling within known genomic disorder regions were only eliminated if they overlapped a known,
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dominant disease gene; 9) Deletions encompassing rec/dom disease genes were eliminated from
most analyses because of the possibility that heterozygous mutations in these genes may cause

dominant disease; however a proportion are likely true carrier mutations.

Final considerations

The CNVs found in our study that represent true carrier states and disease alleles should
be assayed in any comprehensive recessive diagnostic or carrier screening test. An important
avenue for future research will be to ascertain the yield of recessive carrier and disease causing

aleles (CNV, SNV, and other variant types) identified by clinical exome and whole genome

seguencing.

Methods
Subjects

Array CGH was performed clinically on DNA from 21,470 subjects, comprised of
patients and prenatal cases referred to the Baylor College of Medicine Medical Genetics
Laboratories between July 2008 and April 2012 for suspicion of a condition of genetic origin,

and their parents. Subject data were anonymized for our analyses.

Array comparative genomic hybridization (aCGH)

DNA from 4,928 subjects was analyzed using the BCM version 7 (“V7”) CGH array, a
custom, 105k-probe, non-targeted oligonucleotide array characterized primarily by “backbone”
probes distributed with relatively even spacing throughout the genome (1 probe per ~30 kb);

several dozen genomic disorder regions and disease loci were also interrogated with enhanced
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probe coverage (Kang et a. 2010). 16,542 subjects were analyzed with the BCM version 8
(*v8’) CGH array, a custom, 180k-probe oligonucleotide array based on V7, but with
supplemental exonic and intronic probe coverage of over 1,700 known and candidate disease
genes, including 378 known recessive disease genes, 420 known dominant disease genes, and 93
genes associated with recessive and dominant disease (rec/dom disease genes) (Supplemental

Table S1). The V8 array and aCGH procedures have been described (Boone et al. 2010).

Assigning inheritance patterns to genes

We compiled alist of all known Mendelian disease genes as of May 2012 and assigned to
each one or more inheritance patterns based on its association with Online Mendelian Inheritance
in Man (OMIM; http://www.omim.org) disease phenotypes (Supplemental Methods). The
resultant list contains 1228 recessive disease genes, 732 dominant genes, and 161 genes
associated with both recessve and dominant genetic disease (rec/dom disease genes)

(Supplemental Table S1).

|dentifying potential carrier CNVs

To identify potential carrier variants, CNVs were filtered as described in the
Supplemental Methods and in Supplemental Figure S1. Briefly: 1) Asthe effect on gene function
of duplications and higher order copy-number gains is challenging to predict (Bacino and
Cheung 2010; Boone et a. 2013), only deletions were included in our analysis; 2) Only CNV's
affecting at least one recessive disease gene and no dominant disease genes were included; this
was done to exclude CNVs that, in the heterozygous state, may cause disease and thus not be
representative of carrier variants found in the general population; 3) Only autosomal CNV's and

X-linked CNVsin females with log, values consistent with heterozygous del etion were included;
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4) Three “tiers” of potential carrier mutations were assigned (Tiers 1, 2, and 3) based on the
likelihood of association with recessive disease and non-association with dominant disease (see
Supplemental Fig. S1 and Results); 5) Filtering was based on the minimum extent of each CNV.
All genomic coordinates are based on the February 2009 assembly of the reference human

genome (GRCh37/hg19), unless otherwise specified.

| dentifying hemizygous and homozygous CNVs affecting recess ve disease genes
Hemizygous CNVs were the X- and Y-linked CNVs in males remaining after filtering as
described above for carrier CNVs. Homozygous CNV's were all other remaining CNV's with an

average probe ratio log, consistent with a homozygous loss (Supplemental Figs. S1, S7).

CNV validation
A subset of deletions was subjected to PCR (size range 3-114 array probes) and/or FISH
(size range 3-703 probes) validation as described previously (Boone et al. 2010) (Supplemental

Table S2, Supplemental Fig. $4).

Data Access
CNV data have been deposited at dbVar (accesson number nstd80;

http://www.nchi.nim.nih.qgov/dbvar/studi es/nstd80/).
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Figureslegends

Figure 1. Attributes of the 3,212 Tier 1 heterozygous deletions (potential carrier CNVSs).
Data are divided by array version (V7, blue, V8, plum) and based on the minimum deleted
interval of each CNV. a-c. The distributions of a) deletion size, b) number of RefSeq genes
contained within each deletion, and c) recessive disease genes per deletion. The spectrum of
deletions identified by the V8 (exon-focused) array contains proportionally more small, single-
gene events. d. Distribution of heterozygous Tier 1 deletions per subject. 18,641 subjects had no
heterozygous Tier 1 deletion and are not shown. e. Distribution of total recessive disease genes
deleted per individual. Thisis an estimate of the distribution of per-person recessive carrier load
attributable to copy-number variation. Individuals with no heterozygous Tier 1 deletion are

omitted.

Figure 2. Allele frequency spectrum and assortment of heterozygous Tier 1 deletions
(potential carrier CNVs). a. Histogram of the prevalence with which each of 419 recessive
disease genes is deleted by heterozygous Tier 1 CNV's, demonstrating a predominance of rarely
affected genes and a few more commonly deleted genes. b. Chronological ascertainment of
unique recessive disease genes affected by heterozygous Tier 1 deletions. As more individuals
with Tier 1 heterozygous deletions are analyzed (x-axis), additional recessive disease genes are
identified that were not previously found to be deleted in our cohort, up to atotal of 419 of 1,228
known recessive disease genes (34%). The ascertainment of unique, deleted recessive disease
genes continues to rise even after assessing 2829 subjects with a Tier 1 heterozygous deletion. c.
To determine whether Tier 1 heterozygous CNV's are distributed randomly among subjects, we

compared the number of V8 individuals with two or three Tier 1 heterozygous CNV's deleting a
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single recessive disease gene (279 subjects; red line) to that expected by chance (black
probability distribution; see text and Supplemental Methods). There was no dstatistically
significant enrichment of individuals with multiple potential carrier deletions (p=.312),
suggesting that carrier CNV's, numerically, are distributed randomly among our cohort. d. Co-
occurrence (or absence of co-occurrence) of heterozygous deletions in all pairs of 374 recessive
disease genes among V8 cases displayed as a correlation matrix. Genes are plotted along each
axis consecutively by genomic position. Blue indicates relative enrichment of co-deletion; red

indicates relative paucity of co-deletion.

Figure 3. Comparison of deletion carrier frequency in our cohort to point mutation carrier
frequency reported by Lazarin, et al. (2013). Values are derived from Supplemental Table
S10. SNV and deletion carrier frequencies for a given gene are poorly correlated (Spearman
correlation coefficient = 0.122; p(estimated) = 0.399). Genes for which deletion carrier

frequency is higher than SNV carrier frequency are labeled and in green.

Figure 4. Two hundred ninety-four chromosomal regions contain “consecutive’ recessive
disease genes. A homozygous or hemizygous deletion containing two or more recessive disease
genes not interrupted by a dominant or rec/dom disease gene could lead to a complex recessive
phenotype (i.e. arecessive contiguous gene syndrome); heterozygous deletion of the same region
may render an individual a carrier for two or more recessive conditions. Such “consecutive’
recessive disease genes are indicated by the purple bars above each chromosome, which span
from the start of the first recessive disease gene in the series to the end of the last one. Selected

chromosomal bands are numbered for locational reference.
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Figure 5. Features of recessive disease genes deleted in our cohort. The 419 recessive disease
genes deleted at least once by a Tier 1 heterozygous CNV were compared to all other recessive
disease genes. Those deleted in our cohort are: a) farther from the nearest dominant disease gene
(p=3.3x10"); b) larger, genomically (p=9.3x10™°); and c) had a lower fractional Alu content
(p=2.3x10""") than the remaining recessive disease genes. All p-values result from the Wilcoxon

rank sum test with continuity correction.

Figure 6. Homozygous Tier 1 deletions. Each illustrates a unique feature of homozygous
deletions: a. The hypotonia-cystinuria syndrome (HCS) region (top) is homozygously deleted in
subject 163 (middle, gray shading on probe log, plot). Twelve heterozygous Tier 1 deletions
affect SLC3A1 (bottom) in our cohort, demonstrating diverse sizes and locations of carrier
aleles. Each is plotted by minimum (thick line) and maximum (thin line) boundaries. No Tier 1
CNV affected solely PREPL. b. NPHP1, the disease gene for juvenile nephronophthisis 1 and
other conditions, is homozygously deleted as part of a compound heterozygous deletion, likely
mediated by the complex repeat architecture of this region (colored bars above RefSeq genes
track). Arrow indicates heterozygously deleted region. c. Six homozygous deetions of a
noncoding alternative exon 1 of LEPREL1. This CNV is mostly likely not pathogenic (see text).

Database of Genomic Variant CNVs are shown (“table browser query on dgv”).

Figure 7. Model explaining the potential impact of adjacent genomic features on gene-
specific deletion carrier frequency. a. Recessive disease gene without a nearby dominant

disease gene (e.g. NPHP1). Most deletions encompassing this recessive disease gene do not also
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delete a dominant disease gene and are thus solely carrier deletions. b. Recessive disease gene
near to a haploinsufficient dominant disease gene (e.g. MYO15A and RAI 1, respectively). Many
deletions of the recessive disease gene also delete the dominant disease gene, rendering the
individual a carrier and affected with dominant disease. This mutation is selected out of the

population.
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Tables

Table 1. Filtered deletions par sed by zygosity and “tier.”

Heter ozygous deletions

Homozygous deletions

Hemizygous deletions

Tier 1 . : . . . .
(>1 recessive disease gene only) 3,212 (in 2,829 subjects) 8 (in 8 subjects) 67 (in 67 subjects)
Tier 2 ] )
(>1 recessive and >1 rec/dom 59 (in 59 subjects) 0 0
disease gene)
Tier 3 436 (in 426 subjects) 0 3 (in 3 subjects)

(>1 rec/dom disease gene only)
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Table2. Tier 1 deletions.
Heter ozygous Homozygous Hemizygous

V7 V8 V7 V8 V7 V8
Number 253 2959 2 6 21 46
Prevalence 1lin19 1lin6 1in2464 | 1in2757 | 1in235 | 1in360
Mean size’ 1,053 kb 305 kb 52 kb 0.7 kb 973 kb 407 kb
Median size 121 kb 0.6 kb 52 kb 0.4 kb 834 kb 85 kb
Mean number of genesin del 124 4.0 2 1 5.0 2.8
Median number of genesin del 3 1 2 1 3 1
Unique recessive disease genes in 111 374 2 1 5 13
del
Unique recessive disease geneswith | 43 (39%) | 203 (54%) All All All All
exon coverageon V8 array p=.07" p<.0001°
Del described previousy in DGV* 158 (62%) | 1467 (50%) | 2 (100%) 0 19 (90%) | 27 (59%)
Dels with > 2 recessve disease | 73(29%) | 133 (4.5%) 0 0 0 0
genes
Subjects with > 2 Tier 1 CNVs of 5 302 0 0 0 0
this ploidy

@Gize and other statistics are based on the minimum deleted interval as assessed by aCGH.

® Two-tailed Pearson’s y° test based on 378 of 1228 known recessive disease genes (31%) having supplemental

exon coverage on the V8 array.

© As assessed by 50% mutua

overlap,

irrespective  of

ploidy.

http://projects.tcag.cal/variation/tableview.asp?able=DGV _Content_Summary.txt.

Del, deletion; DGV, Database of Genomic Variants

DGV data obtained

from
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