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Abstract
This report describes an algorithm developed to predict the pathogenicity of copy number variants
(CNVs) in large sample cohorts. CNVs (genomic deletions and duplications) are found in healthy
individuals and in individuals with genetic diagnoses, and differentiation of these two classes of
CNVs can be challenging and usually requires extensive manual curation. We have developed
PECONPI, an algorithm to assess the pathogenicity of CNVs based on gene content and CNV
frequency. This software was applied to a large cohort of patients with genetically heterogeneous
non-syndromic hearing loss to score and rank each CNV based on its relative pathogenicity. Of
636 individuals tested, we identified the likely underlying etiology of the hearing loss in 14 (2%)

§Corresponding author: Dr. Ian D. Krantz, ian2@mail.med.upenn.edu.
*These authors contributed equally to this work

SUPPLEMENTAL ONLINE MATERIAL
The supplemental data includes two PDF files, one containing elaborated methods, validation, and software specifications and another
including additional figures and tables.

WEB RESOURCES
Online Mendelian Inheritance in Man (OMIM), http://www.ncbi.nlm.nih.gov/Omim/ UCSC Genome Browser, http://
genome.ucsc.edu/

NIH Public Access
Author Manuscript
Am J Med Genet A. Author manuscript; available in PMC 2014 September 01.

Published in final edited form as:
Am J Med Genet A. 2013 September ; 161(9): 2134–2147. doi:10.1002/ajmg.a.36038.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.ncbi.nlm.nih.gov/Omim/
http://genome.ucsc.edu/
http://genome.ucsc.edu/


of the patients (1 with a homozygous deletion, 7 with a deletion of a known hearing loss gene and
a point mutation on the trans allele and 6 with a deletion larger than 1 Mb). We also identified two
probands with smaller deletions encompassing genes that may be functionally related to their
hearing loss. The ability of PECONPI to determine the pathogenicity of CNVs was tested on a
second genetically heterogenous cohort with congenital heart defects (CHDs). It successfully
identified a likely etiology in 6 of 355 individuals (2%). We believe this tool is useful for
researchers with large genetically heterogeneous cohorts to help identify known pathogenic causes
and novel disease genes.

Keywords
Copy number variation; genetic heterogeneity

INTRODUCTION
The recent advent of high resolution, genome-wide copy number analysis using
chromosomal microarray platforms to detect small genomic deletions and duplications has
revolutionized both the diagnosis of genetic disorders and the discovery of disease genes
[Vissers et al., 2004; Beaudet and Belmont, 2008]. Copy number variations (CNVs) can be
detected by both comparative genomic hybridization (CGH) and single nucleotide
polymorphism (SNP) array platforms, which share the ability to scan across the genome at
high resolution. Multiple studies have shown that there is considerable copy number
variation among normal human subjects, comprising a significant percentage of the genome
at the structural level [Iafrate et al., 2004; Sebat et al., 2004; Tuzun et al., 2005; Conrad et
al., 2006; McCarroll et al., 2006; Redon et al., 2006; Sebat, 2007]. Therefore, it has become
clear that CNVs can occur in genes but still be clinically benign, while the deletion or
duplication of other genes may directly cause disease. CNV-calling algorithms have been
developed to automate the process of detecting CNV intervals from array hybridization
[Komura et al., 2006; Colella et al., 2007; Marioni et al., 2007; Wang et al., 2007], however;
these detection algorithms do not discern the benign from the pathogenic CNVs.

CNV analysis in large cohorts of individuals with specific phenotypes can be used to
uncover deletions or duplications of specific genes that contribute to the phenotype. This is
particularly useful for phenotypes that are genetically heterogeneous, since CNV detection
provides an unbiased analysis across the entire genome. For Mendelian disorders, the
deletion of a causative gene within a pathogenic CNV may be a rare event. However, the
identification of rare deletion events can lead to the discovery of candidate genes to be
screened for point mutations, a more common form of gene disruption. It is laborious to
peruse through CNV data for each patient of a large cohort. Moreover, the discrimination of
pathogenic CNVs from benign CNVs is not always clear. The large number of CNVs
identified per individual (24 CNVs on average on a half-million marker SNP array) [Redon
et al., 2006] and cohort sizes spanning many hundreds or thousands of patients turns the
process of unmasking pathogenic CNVs into a high-throughput task. We have developed
Perl Copy Numbers of Potential Interest (PECONPI), an algorithm to ranks CNVs to help
researchers prioritize their search for the pathogenic CNVs. PECONPI utilizes the properties
of each CNV to rank them based on their potential to be damaging. We developed a logistic
regression based algorithm to measure the performance of PECONPI’s heuristic algorithm.

Both algorithms were benchmarked on a cohort of 100 patients with known pathogenic
CNVs as described in Supplementary Information (in supporting information online). For
this study, we chose to focus on only the copy number losses (deletions) and not
duplications, as gene deletions are more commonly the cause of genetic disease and their
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mechanisms are better understood than duplications [Emanuel and Shaikh 2001]. We
applied PECONPI to the CNVs of a 636 proband cohort with nonsyndromic sensorineural
hearing loss (NSSNHL), a common, genetically heterogeneous disorder. We also used
PECONPI to prioritize the CNVs from a cohort of 355 probands with congenital heart
disease (CHD), another genetically hetereogenous disorder (see Supplementary
Information). The ability to delineate pathogenic CNVs is important for gene discovery in
heterogeneous disorders. The contribution of a deleterious CNV containing a dominant
disease gene (resulting in haploinsufficiency) to a disorder is direct and clear, however a
heterozygous deletion of a gene can also unmask a recessive mutation on the trans allele and
lead to the discovery of a new genetic locus for a disorder.

In this study, we demonstrate the utility of PECONPI to identify pathogenic gene deletions
in NSSNHL. We determined a likely underlying molecular diagnosis in 14 cases of
NSSNHL as well as some candidate genes that require further validation. Our work with
these common, genetically heterogeneous disorders may have relevance for investigators
using genome-wide CNV analysis to study common, genetically complex human traits such
as autism and schizophrenia [Sebat et al., 2007; Szatmari et al., 2007; Marshall et al., 2008;
Walsh et al., 2008; Weiss et al., 2008].

SUBJECTS AND METHODS
Sample Selection

NSSNHL Cohort—The bilateral sensorineural hearing loss cohort is comprised of 636
children with NSSNHL presenting at The Genetics for Hearing Loss Clinic at CHOP for a
genetic evaluation of their hearing loss or through the Laboratory of Molecular Medicine
(LMM) at the Harvard Medical School – Partners Healthcare Center for Genetics and
Genomics (HPCGG). All probands and families studied were either voluntarily enrolled in
an IRB-approved protocol of informed consent (CHOP, LMM) or analyzed through an
anonymous discarded tissue IRB-approved protocol (LMM). All probands studied had a
confirmed nonsyndromic bilateral sensorineural hearing loss as based upon clinical history,
exam, review of records and audiometric testing. Other pre-screening and selection factors
are described in the Supplementary Information (in supporting information online). All
individuals with confirmed homozygous or compound heterozygous causative mutations
were excluded from the analysis, with the exception of patients with GJB6 deletions, who
were retained in the cohort as positive controls.

CHD Cohort—This cohort consists of 355 probands with apparent isolated congenital
heart defects (CHDs) ascertained through the Department of Cardiothoracic Surgery at
CHOP and voluntarily enrolled in an IRB-approved protocol of informed consent. All
probands had standard cytogenetic analysis performed through G-banding and a subset had
targeted fluorescent in situ hybridization (FISH) or CGH studies performed when requested
clinically. This cohort was selected due to the genetic heterogeneity of CHDs, with some
being caused by large CNVs (e.g. 22q11.21 deletion) and most being of unknown etiology,
echoing the issues faced in the hearing loss cohort. The analysis of this cohort is detailed in
the Supplementary Information (in supporting information online).

Controls Cohort—The CNVs of 2,026 normal probands run on the Illumina 550
BeadChip [Shaikh et al., 2009], were used as control data. During quality control, 16
controls were filtered out, because SD(log2R)>= 0.35. We withheld a randomly selected
cohort of 100 probands from this control cohort for cross validation (described in Supporting
Information online). The remaining 1,910 probands were used in our control cohort.
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SNP Genotyping
All the NSSNHL probands were analyzed using HumanHap550-v3 BeadChip at the Center
for Applied Genomics at CHOP, using recommended quality control protocols as previously
described [Steemers and Gunderson 2007]. The CHD cohort consisted of probands run on
the 550-v3 as well as the 610-Quad BeadChip. The healthy controls from the Center for
Applied Genomics were genotyped on the 550 BeadChip. To analyze the data across cohorts
using different SNP arrays, the probes unique to either the 550 or the 610 platforms were
removed. The raw data were normalized to reduce the variation between BeadChip arrays
and then the clustering algorithm was run to evaluate the positions and to genotype the locus
of each SNP probe. All samples had GenCall genotyping call rates ≥ 0.98 with a standard
deviation of log2R ratios ≤ 0.35.

CNV Calling
PennCNV was used to call the CNVs for the NSSNHL cohort, CHD cohort, and the controls
cohort [Wang et al., 2007]. All calls are reported as the minimal CNV size, which is defined
by the interval between the first and last abnormal SNP in the call. For both NSSNHL and
CHD cohorts, the SNP array data and CNV calls of the probands were de-identified so that
the investigators identifying and scoring potential pathogenic associations were unaware of
any clinical information (i.e. previous molecular test results, patient or family history or
severity of hearing loss) pertaining to the proband being tested.

PECONPI Software
PECONPI is a software program that takes any set of CNV calls and ranks the CNVs based
upon their likelihood to be pathogenic using a multidimensional algorithm. PECONPI’s
scoring algorithm is based upon the largely intuitive analysis of genetic variants for their
potential to be pathogenic. For example, calls that have no gene involvement or that overlap
with regions of known benign CNV (as demonstrated in controls and/or literature
references) tend to be less suspicious for pathogenicity, whereas CNVs that are large and/or
that encompass multiple genes have greater potential to be pathogenic [Lee et al., 2007]. The
PECONPI score is the final value reported for each CNV call. PECONPI reports the CNV
information, a breakdown of subscores, and the final PECONPI score in an Excel
spreadsheet. Each row represents an input CNV call, and the rows are ranked in order of
predicted pathogenicity. Screenshots of the PECONPI graphical user interface (GUI) can be
found in Supplementary eFig. 1–3 (in supporting information online). The default
parameters were used for the analysis of all the cohorts. From these parameters, a score of
25 points or higher corresponds roughly to a deletion CNV involving exonic DNA and little
control or literature CNV overlap.

Input Files—Because PECONPI uses data from many different databases, it requires the
user to supply the path to flat files containing information about the sample CNVs, control
CNVs, known genes, and SNP markers. Users can include additional information such as
CNVs reported in the literature (see Supplementary Information (in supporting information
online)). To eliminate systematic errors of CNV-calling, the control CNVs are called with
the same calling algorithm as the sample CNVs. The controls cohort were run on the
Illumina 550 BeadChip SNP array while the samples were run on a higher density Illumina
610-Quad BeadChip SNP array, we chose to only use markers common to both platforms
for our CNV-calling and subsequent analysis.

Scoring Algorithm—PECONPI analyzes each sample CNV and assigns it a set of
subscores reflecting the CNV's coverage in control patients and literature, its gene content,
and its coverage in the sample cohort. The sum of these subscores determines the final
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PECONPI score for the given CNV call. The PECONPI software flowchart is illustrated in
Supplementary eFig. 4 (in supporting information online). The PECONPI subscores and
parameters are detailed in Supplementary eTable I (in supporting information online), and
we used these default values in our analysis. PECONPI scores and outputs deletions and
duplications separately. Many of the subscores are based upon a coverage metric, which is
defined as the percentage of the sample CNV (or any other interval) that overlaps with one
or more different intervals as measured by physical genomic distance. The weight and the
maximum contribution of each subscore can be adjusted. A more detailed description of
additional data available in the PECONPI analysis is described in the supplementary
information. The performance of PECONPI was compared to a statistically modeled
pathogenic CNV prediction algorithm we developed and both algorithms performed
similarly.

Validation of OTOF deletion
In order to clone the breakpoints of a homozygous OTOF gene deletion identified on the
array and by PECONPI, we designed primers using the SNPs boundaries as guides. We
designed a forward primer using Primer3 [Rozen and Skaletsky 2000] in exon 15 (5’-
ACTCGGACAAGGTCAACGAC-3’) and paired it with a previously published reverse
primer of exon 48 (5’-GAAAGAGTCCAAGCCACTGAAA-3’) [Migliosi et al., 2002].
DNA from the proband’s original and repeated sample, both parental samples and a control
were diluted to a concentration of 20ng/µl and PCR amplified with 1.5mM MgCl2 using
these primers under the following conditions: 94°C for 5 min then 36 cycles of 94°C for 30
sec, 62.3°C for 45 sec, 72°C for 30 sec followed by 72°C for 4 min and a 4°C hold. The
products were visualized on an agarose gel. PCR products were purified (Exosap) and direct
sequenced with both the forward and reverse primers. All sequencing products were
analyzed with BLAT alignment tool [Kent 2002]. Additionally, parental samples were run
on the array to verify carrier status.

Validation of USH2A deletion
The 170kb deletion that included the USH2A gene was validated using FISH (fluorescence
in situ hybridization). Metaphase spreads were prepared from peripheral blood lymphocytes
and probed with fluorescently labeled BACs and fosmids for FISH. One BAC (RP11–
195B13) and two fosmids (G248P80743F1, G248P8306F6) were identified using the UCSC
browser (hg18) to map within the deleted region. All clones were obtained through CHORI
BACPAC Resources (Oakland, CA). BAC and fosmid DNA was isolated (PureLink HiPure
Plasmid Filter Purification Kits, Invitrogen, Carlsbad, CA) and labeled by nick translation
(Nick Translation Reagent Kit, Vysis, Inc.) in the presence of Spectrum Orange dUTP
(Vysis, Inc.). Commercial FISH probes (Vysis, Inc.) for 1p telomere (TelVysion1p) were
used. FISH probes were hybridized to metaphase preparations overnight; slides were then
washed and counterstained with DAPI using standard protocols. USH2A sequencing was
performed as previously described [van Wijk et al., 2004].

RESULTS
NSSNHL Cohort Analysis

Our cohort of 636 probands with NSSNHL had 6,449 deletion CNVs after the exclusion
criteria was applied as described in Materials and Methods. Three samples with known
heterozygous GJB6 deletions served as positive controls. GJB6 is a gap junction protein that
is abundant in the inner ear and necessary for sensory transduction [Wangemann 2006]. We
input the sample set of deletion CNVs along with the control set of 29,026 deletion CNVs,
and ran the PECONPI analysis. The top ranking CNV calls in the NSSNHL cohort based on
the PECONPI score are listed in Table I. The distribution of PECONPI scores for all the

Tsai et al. Page 5

Am J Med Genet A. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



deletion CNVs of the NSSNHL cohort is illustrated in Fig. 1. There were 84 calls from 92
probands whose PECONPI score was ≥ 29. From the pathogenicity analysis, this score
cutoff corresponds to a 1% false positive rate and 90% true positive rate. Within this group,
there were deletions of 9 known hearing loss genes, including GJB6, OTOF and USH2A.

Validation of Known GJB6 Deletions—PECONPI ranked all three known GJB6
containing CNVs in the top 0.3 percentile of deletion CNVs. A deletion CNV containing
GJB6 has been seen in 1% of North Americans [Putcha et al., 2007]. This deletion was
identified in one control cohort sample. All the deletions also span part of CRYL1, a lambda
crystalline gene whose product is thought to play a role in the uronate cycle. Two probands
with the GJB6 deletion CNV also have a previously identified mutation in GJB2 on the trans
allele and one proband is a confirmed carrier of the deletion CNV with no other associated
mutation on the trans GJB6 or GJB2 allele.

Identification of Known Hearing Loss Genes and Loci—PECONPI was able to
rank a number of deletion CNVs encompassing genes that are known to cause hearing loss
including, Otoferlin (OTOF), a gene involved in an autosomal recessive form of hearing loss
(OMIM #601071) (non-syndromic recessive auditory neuropathy or NSRAN) [Yasunaga et
al., 1999; Varga et al., 2003]. Usherin (USH2A), Cadherin 23 (CDH23) and G-Protein-
Coupled Receptor 98 (GPR98), which all cause recessive forms of Usher Syndrome (2A, 1D
and 2C respectively). Myosin VI (MYO6), Lipoxygenase Homology Domain-containing 1
(LOXHD1), Otoancorin (OTOA), and Stereocilin (STRC) cause forms of autosomal
recessive non-syndromic BSNHL.

The top scoring deletion CNV (50.7) was a novel homozygous deletion of the MYO6 locus
that involves 2 distal exons and the 3’ UTR of SENP6 through the 5’ UTR and first intron of
the gene. MYO6 can cause both autosomal recessive and autosomal dominant SNHL. This
homozygous deletion is also present in an affected sibling. Although the coding region of
MYO6 was not involved in this deletion, in mice it has previously been shown that
disruption of the regulatory/promoter region of MYO6 causes autosomal recessive
deafness[Avraham et al., 1995].

The third ranked call highlighted a homozygous deletion of 5 SNPs (22kb) in OTOF, a gene
involved in an autosomal recessive form of hearing loss termed NSRAN (OMIM #601071)
[Yasunaga et al., 1999; Varga et al., 2003]. Mutations in OTOF have been described, all of
which have caused a bilateral sensorineural hearing loss (BLSNHL) with auditory
neuropathy [Houseman et al., 2001; Migliosi et al., 2002; Mirghomizadeh et al., 2002].
These deletions were confirmed to be the cause of the proband’s deafness. Standard
molecular testing for hearing loss genes (GJB2, GJB6, the A1555G mitochondrial mutation,
SLC26A4) was negative. Since other standard evaluations (ophthalmologic exam, renal and
thyroid function testing, CT/MRI studies) were normal, no syndromic etiology was
suspected. The patient’s parents are second cousins of Indian descent with no family history
of hearing loss.

A homozygous deletion phenotype of OTOF has not yet been described. Sequencing and
BLAT alignment of the breakpoint revealed a deletion involving exons 16–48 extending
eight bases into exon 48 (NM_194248.1:g.73735_100486del) (Fig. 2) [Yasunaga et al.,
2000] SNP array analysis of parental samples demonstrated that both were heterozygous
carriers of the deletion. While deletions in this gene have not been previously reported, the
same form of hearing loss is seen in association with all other homozygous or compound
heterozygous mutations of OTOF. PECONPI accurately ranked this homozygous deletion of
OTOF third out of 6,449 deletion CNVs.
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Three different types of Usher Syndrome were unmasked in three high-ranking
heterozygous deletion CNVs scoring above 30 that involved USH2A, CDH23 and GPR98.
Usher Syndrome is a heterogeneous diagnosis both in the underlying genetic mutations and
the phenotypic severity that often results in hearing loss and retinitis pigmentosa, a form of
progressive blindness. In one proband, a large heterozygous multi-exon deletion of USH2A
was predicted to be pathogenic by PECONPI. Point mutations in USH2A cause Usher
Syndrome type IIA (OMIM #276901), a recessive disorder with clinical symptoms of
congenital hearing loss and retinitis pigmentosa. However, deletions have not been reported
and would not be identified using standard sequencing protocols. The patient's audiometric
test showed a moderately severe BLSNHL, but he was otherwise healthy. Standard
molecular testing for hearing loss genes was negative and all other standard evaluations
(ophthalmologic exam, temporal bone CT, renal and thyroid function testing) were normal.
Subsequent to the PECONPI ranking of the heterozygous deletion in USH2A, sequencing of
the gene revealed a heterozygous nonsense mutation in exon 63, c.13130C>A (p.S4377X) in
the proband and the father. FISH analysis confirmed the heterozygous deletion in both the
proband and his mother (ish del(1)(q41q41)(W12–739L2,W12–859K12, RP11–195B13 ×
1)) (Fig. 3).

Several known autosomal recessive hearing loss genes lie in complex genomic regions
where there is significant control and literature deletion CNV overlap and thus did not score
as highly using PECONPI. These included three heterozygous multi-exon OTOA deletion
CNVs of 19 SNPs (164kb) on 16p12.2, one homozygous and two heterozygous STRC loci
deletion CNVs of 3 SNPs (25kb) on 15q15.3. OTOA (OMIM*607038) encodes an inner ear
protein and mutations in OTOA were found to co-segregate with DFNB22 in a
consanguineous Palestinian family with moderate to severe prelingual sensorineural
recessive hearing loss [Zwaenepoel et al., 2002]. Large homozygous deletions of this region
have previously been described in DFNB22 in a consanguineous Palestinian family where
1% of the control population carried the heterozygous deletion [Shahin et al., 2010].
Subsequent Sanger sequencing of the three probands with a heterozygous OTOA CNV
unmasked a novel missense mutation, c.1249 C>T (p.L417F), on the trans allele of OTOA
in one proband and an affected sibling also carrying the deletion that was not seen in 188
control chromosomes analyzed. The two remaining probands with an OTOA heterozygous
deletion did not have subsequent findings and are suspected to be carriers. Deletions of
STRC (OMIM*606440) have also previously been reported to co-segregate with DFNB16
[Verpy et al., 2001; Zhang et al., 2007; Knijnenburg et al., 2009]. The three CNVs of
15q15.3 deleting STRC were confirmed by Sanger sequencing to involve the coding region
of STRC and causative of all three proband’s hearing loss [Francey et al., 2012]. A
subsequent cohort was further analyzed for mutations in STRC by CNV analysis and Sanger
sequencing. A total of 13 patients had a large STRC locus deletion as a contributing factor to
their hearing loss [Francey et al., 2012].

A heterozygous deletion of 5 SNPs on 18q21.1 that encompasses at least 3 exons of the
LOXHD1 gene (OMIM *613072) was also identified. LOXHD1 is expressed in the
mechanosensory hair cells in the inner ear and mutations in LOXHD1 were recently
identified as the cause of DFNB77, a progressive form of autosomal recessive NSSNHL
[Grillet et al., 2009; Edvardson et al., 2011]. Subsequent Sanger sequencing of the 40 coding
exons identified a heterozygous point mutation in exon 30, c. 4714 C>T (p.R1572X). The
truncating mutation is the same mutation identified previously in nine patients with this form
of hearing loss from two unrelated Ashkenazi Jewish families [Edvardson et al., 2011]. The
proband identified in this study was also of Ashkenazi Jewish decent.

Syndromic and Other Large Deletions—Among the top ranking PECONPI scores
there were 6 heterozygous deletion CNVs >1Mb. These include a 4.6 Mb deletion of
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9q31.1-q31.2 that spans 26 genes and 1 open reading frame, a 1.8 Mb deletion of 22q11.21-
q11.23 located distal to the DiGeorge Syndrome/velocardiofacial syndrome locus (DGS
[MIM 188400]/VCFS [MIM 192430]) that has previously been described [Ben-Shachar et
al., 2008], a 1 Mb deletion of 2q11.2 spanning ARID5A, a 2 Mb deletion within 17q23.2,
containing 10 genes and 2 open reading frames, which has recently been described in a
patient with a larger microdeletion of 17q22-q23.2 presenting with multiple anomalies
including sensorineural hearing loss [Nimmakayalu et al., 2011], a 2.6 Mb deletion of
3q13.13, and a 1.6 Mb deletion of Xp22.31.

Other High-Scoring Deletions—In addition to these established and novel HL
deletions, PECONPI identified many candidate genes contained within CNVs that scored
well above the 1% false positive rate cutoff (see Table I). Further studies will be carried out
on the remaining candidate CNV to evaluate their potential pathogenicity.

CHD cohort—The top PECONPI scoring deletions can be found in Supplementary Table
II. PECONPI successfully identified and prioritized the pathogenic CNVs in 2 probands
with known pathogenic 22q11.21 deletions. It identified 4 additional probands with
22q11.21 deletions that were not previously diagnosed. These 6 chromosomal 22q11.21
deletions were top ranking calls (all equally scored with rank 3). The top two ranking
deletions were large, previously clinically unidentified 8p23.1 deletions known to cause
CHD due to GATA4 haploinsufficency [Pehlivan et al., 1999]. The detailed analysis of this
cohort can be found in Supplementary Information.

DISCUSSION
There is one published pathogenic CNV prediction tool designed for a cohort of patients
with intellectual disability that utilizes a Naïve-Bayes classifier. This approach was based
more on the gene expression, genomic architecture and conservation of the region[Hehir-
Kwa et al., 2010]. In this paper, we detail a more gene centric approach and use information
that is already known from other CNV databases to predict the pathogenicity of the CNV.
The use of CNV databases for normal controls has played an important role in the clinical
call of pathogenic CNVs and was not incorporated in the Naïve-Bayes method previously
described. It allows for the discrimination of dosage sensitive areas. For instance if the gene
was in an often deleted region, it should be less dosage sensitive than one in a region that
has never been observed to be in a deletion CNV of normal individuals.

In this paper, we describe the development of algorithms that predict the pathogenicity of
CNVs. Separating benign from pathogenic deletions or duplications is complex, and the
tools we present allow high throughput analysis with discovery of deletions or duplications
that underlie the disease phenotype. Utilization of CNVs to screen for disease-causing genes
in cohorts with a given phenotype has been previously carried out, however, in general the
separation of benign from pathogenic CNVs relies on the presence of parental samples to
look for familial benign variants [Greenway et al., 2009].

PECONPI presents a tool for evaluating the potential pathogenicity of a variant in the
absence of parental samples. The algorithm makes several assumptions. Each CNV is
independent of the patient. It follows that the pathogenicity of each CNV is also assumed to
be independent of the patient’s other CNV calls. This may not always be an accurate
assumption, as is the case for functional loss of the genes involved in parallel pathways that
may result in a phenotype unobserved with a functional loss of the genes individually.
Furthermore, this method will rank rare CNVs as more pathogenic than common CNVs.
This assumption may not always hold as rare CNVs may be benign and common CNVs may
unmask a recessive mutation.
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We have demonstrated that PECONPI is potentially a powerful tool for gene discovery in
genetically heterogeneous disorders. It can provide the user with a ranked list of pathogenic
CNVs, which helps to streamline the identification of candidate disease genes. It is not
biased towards previously linked genes and has been demonstrated to have the ability to
unearth pre-existing and novel disease genes.

In the NSSNHL cohort, PECONPI successfully identified known pathogenic CNVs
containing a gene previously implicated in hearing loss (GJB6) and ranked these CNVs very
high. It also identified candidate pathogenic CNVs that contain genes associated with
hearing loss (OTOF and USH2A). Heterozygous deletions such as that in USH2A are easily
missed with conventional molecular sequencing. This highlights the importance of genome-
wide scans for CNVs and the downstream analysis of ranking and discriminating pathogenic
CNVs. This study demonstrates PECONPI’s ability to distill calls of relevance from any
cohort with a common phenotype of presumed genetic etiology or contribution.

The success and specificity of finding all known hearing loss genes within the top percent
underscores the promise of other candidate genes in this group of high-scoring CNVs. In this
way, PECONPI will be a helpful tool in identifying candidate genes for disorders of
unknown etiology. Among these candidate genes in the NSSNHL cohort CNVs is
CNTNAP2, a potassium channel clustering protein, which has been suspected as a hearing
loss gene [Mustapha et al., 1998; Poliak et al., 1999; Nakabayashi and Scherer 2001; Poliak
et al., 2003] and CALN1, a signaling pathway protein found in the DFNB39 locus.
PECONPI helps identify genes of interest for screening and further analysis. However, a
CNV-focused study for gene discovery can only identify disorders dependent on total gene
or intragenic deletions. As CNVs were not detected in GJB2, the most common NSSNHL
gene, this important hearing loss gene would not have been identified in this study. The use
of CHD as a second disease cohort that also manifests a high degree of genetic heterogeneity
underscores the ability of PECONPI to identify and rank pathogenic CNVs.

In this study, we used PECONPI to find rare pathogenic CNVs to discover genes that might
be more commonly affected by point mutations. PECONPI can be adapted to respond to
these and other scenarios, as the scoring parameters can all be adjusted based upon the
population and disorders being studied. Gains in copy number can also be pathogenic and
should be studied further. PECONPI is a useful tool to discriminate pathogenic from benign
CNVs from a cohort with similar phenotype. Given the large amount of CNV data generated
from increasingly higher resolution array studies, PECONPI will be a useful tool to facilitate
the identification of pathogenic calls and candidate genes. PECONPI can provide
researchers with an accurate and rapidly produced list of candidate genes and loci for
clinical disorders that do not lend themselves to standard linkage or association gene
discovery approaches.
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Figure 1. Distribution of PECONPI scores
The distribution of PECONPI scores are illustrated in a histogram. Each bar represents a five
point score spread, with the height indicating the frequency of that score. The red square
boxes correspond to the percentile rank of each score, with 100% representing the top score.
Scores with 25 or greater points corresponded to the top four percent of all calls.
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Figure 2. Intragenic HomozygousOTOF Deletion
Top: View adapted from UCSC browser illustrating the 30kb intragenic homozygous
deletion affecting exons 17–48. The deletion affects both the long and short isoform of
OTOF. Bottom: Gel showing presence of PCR product for multiple exons in OTOF. The
child with HL fails multiple reactions, with parents and controls successful in all exons.
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Figure 3. USH2A deletion
Top: Heterozygous deletion of USH2A. View adapted from UCSC browser illustrating
170kb intragenic deletion in proband, affecting exons 22–32/33. Two small control CNVs
are present within the deleted interval. The deletion affects both isoforms of USH2A.
Locations of Illumina 550k BeadChip SNP markers are shown below gene. Bottom: FISH
Validation of USH2A deletion. FISH images showing single copy deletion of USH2A in
proband and mother (top right, bottom) and normal copy number in father (top left)
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