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Genetic variants account for more than half of the cases with congenital or prelingual onset hearing loss.
Autosomal recessive nonsyndromic hearing loss (ARNSHL) is the most common subgroup. Whole-exome
sequencing (WES) has been shown to be effective detecting deafness-causing single-nucleotide variants (SNVs)
and insertion/deletions (INDELs). After analyzing the WES data for causative SNVs or INDELs involving
previously reported deafness genes in 78 families with ARNSHL, we searched for copy number variants
(CNVs) through two different tools in 24 families that remained unresolved. We detected large homozygous
deletions in STRC and OTOA in single families. Thus, causative CNVs in known deafness genes explain 2 out
of 78 (2.6%) families in our sample set. We conclude that CNVs can be reliably detected through WES and
should be the part of pipelines used to clarify genetic basis of hearing loss.

Introduction

Hearing loss is a public health concern affecting 1 to 3
per 1,000 newborns (Kemper and Downs, 2000). More

than half of the cases with congenital or prelingual hearing
loss are caused by genetic variations and at least 75% of them
show autosomal recessive inheritance (Van Camp et al., 1997).
Genetics of autosomal recessive nonsyndromic hearing loss
(ARNSHL) is extremely heterogeneous involving over 80 loci,
with forty nine genes having been identified as containing
pathogenic DNA variants thus far (Van Camp and Smith, 2014).

Whole-exome sequencing (WES) has become an essential
tool in genomics research and in diagnostic clinical genetics
laboratories (Yang et al., 2013). Due to its rapid, low cost, and
comprehensive analysis advantages, WES has been success-
fully used for various genetic disorders, including the geneti-
cally heterogeneous ARNSHL (Diaz-Horta et al., 2012).
The main applications of WES in most laboratories are iden-
tifying single-nucleotide variants (SNVs) and small deletion/
insertions (INDELs). While various practical algorithms for
the detection of copy number variants (CNVs) have recently
been developed (Fromer et al., 2012; Krumm et al., 2012; Tan
et al., 2014), their usage in general is not common and their
application in deafness has not been reported.

We have performed WES in 78 families with ARNSHL
that were negative for mutations in the most common gene,

GJB2 (MIM121011). In addition to GATK (Genome Ana-
lysis Tool Kit) (McKenna et al., 2010) used for detection of
SNVs and INDELs, we included CoNIFER (Copy Number
Inference From Exome Reads) (Krumm et al., 2012) and
XHMM (eXome-Hidden Markov Model) (Fromer et al.,
2012) as part of our genetic analysis pipeline to identify
CNVs. Probands in 54 families were found to have patho-
genic SNVs or INDELs in one of the previously described
ARNSHL genes that explained the phenotype. We present
here the detection of causative CNVs in the remaining 24
families and compare the efficiency of different CNV detection
algorithms using WES.

Materials and Methods

Our study was approved by the University of Miami In-
stitutional Review Board and Ankara University Medical
School Ethics Committee (Turkey). All participants were
Turkish and provided written informed consent before en-
rollment, or in the case of a minor, from parents.

Twenty-four families were included in this study based on
the existence of both parental consanguinity and at least two
members with nonsyndromic hearing loss. Diagnosis of sen-
sorineural hearing loss was established through standard au-
diometry in a sound-proofed room according to current clinical
standards. Clinical evaluation of all affected individuals by a
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geneticist and an ENT surgeon included a thorough physical
examination and otoscopy. A high-resolution CT scan of the
temporal bone was found to be normal at least in one affected
person in each family.

DNA was extracted from peripheral leukocytes of each
member of the family by using the phenol–chloroform
method. WES was performed in 103 affected individuals from
78 unrelated families who were negative for mutations in
GJB2. After WES, 24 families remained negative for SNVs or
INDELs in 49 genes that are known to cause ARNSHL (the
list of the 49 genes is available in the Supplementary In-
formation; Supplementary Data are available online at www
.liebertpub.com/gtmb).

In addition to 24 families, two samples known to be het-
erozygous for a deletion CNV in ESRRB (MIM602167) and

TMC1 (MIM606706) were used as positive controls. Deletions
in positive control samples were detected by Illumina or Af-
fymetrix arrays and confirmed with quantitative PCR (Duman
et al., 2011). CNV analysis was performed in genomic regions
comprising the 49 previously reported ARNSHL genes.

The Agilent SureSelect Human All Exon 50 Mb kit was
used for in-solution enrichment of coding exons and flanking
intronic sequences following the manufacturer’s standard
protocol. Adapter sequences for the Illumina Hiseq2000 were
ligated, and the enriched DNA samples were subjected to
standard sample preparation for the Hiseq2000 instrument
(Illumina). The Illumina CASAVA v1.8 pipeline was used to
create 99 bp sequence reads. BWA (Li and Durbin, 2010) was
used to align sequence reads to the human reference genome
(NCBI build 37, hg19) and variants (SNVs & small INDELs)

Table 1. Summary of the Copy Number Variant Results

Family ID Gene Deleted region (XHMM) Deleted region (CoNIFER)

Positive control 1 ESRRB chr14:76948183-76967234 Not available
Positive control 2 TMC1 chr 9:75420183-75451112 Not available
Family 3 OTOA chr16:21610949-21747850 chr16:21327883-21969920
Family 12 STRC chr15:43892635-43903864 chr15:43850992-43940259

FIG. 1. OTOA gene deletion in family 3. Visualized results of CoNIFER (a) and XHMM (b) showing the homozygous
OTOA gene deletion in family 3. OTOA gene deletion in all three affected patients (c) was confirmed with serial PCRs (d).
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were called using the GATK software package (McKenna
et al., 2010).

As a part of our pipeline, XHMM v1.0 and CoNIFER
v.02.2 were used for CNV analysis in 103 affected individ-
uals from 78 families. Due to differences in the CNV ana-
lyzing algorithms, we applied default parameter settings to
compare their efficiency with an unbiased evaluation (Fromer
et al., 2012; Krumm et al., 2012).

Results

The average coverage for each exome in the 24 families
was 95%, 83%, and 69% of mappable bases of the Gencode-
defined exome, represented with at least 2X, 10X, and 20X
reads, respectively. Both tools were first used for the detection
of the two previously identified heterozygous CNVs. Both the
positive controls with heterozygous ESRRB and TMC1 dele-
tions were detected through XHMM, but not with CoNIFER
(Table 1). While CoNIFER failed to report the heterozygous
deletions, it did show both deletions in its visualization file
(Supplementary Figs. S1 and S2).

Among the probands of the 24 families, both tools detected
two homozygous deletions. A large homozygous deletion,
including OTOA (MIM607038), was identified in family 3

with three children having mild to moderate sensorineural
hearing loss. This deletion was confirmed with PCR and
cosegregated with the phenotype in the entire family (Fig. 1).
However, the size of the deleted region was reported to be
642 kb in CoNIFER and only 89kb in XHMM. Further PCR
analyses showed that the deleted region was shorter than
190kb (Supplementary Fig. S3). Another homozygous dele-
tion encompassing STRC (MIM606440) was detected in
Family 12, where two affected children had mild to severe
sensorineural hearing loss. This deletion was also confirmed
with PCR and cosegregated with the phenotype in the family
(Fig. 2).

Discussion

In this study, we aimed to detect pathogenic CNVs through
WES in a sample set of families with ARNSHL. We identified
deafness-causing deletions involving two previously reported
ARNSHL genes in two out of 24 families (8.3%). Overall,
causative CNVs were present in 2.6% of the 78 studied fami-
lies. Causative GJB2 mutations are present in 19% of multiplex
and consanguineous Turkish families with ARNSHL (Tekin
and Arici, 2007). Thus, the frequency of causative CNVs in this
population is 2.1% (95% CI: 0% to 4.9%). This result is similar

FIG. 2. STRC gene deletion in family 12. Visualized results of CoNIFER (a) and XHMM (b) indicating the homozygous
STRC gene deletion in family 12. STRC gene deletion in both affected siblings (c) was confirmed with PCR (d).
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to that of a recent study that reported pathogenic CNVs in 14 of
636 cases with nonsyndromic sensorineural hearing loss
through SNP arrays (Tsai et al., 2013).

Homozygous deletions of STRC were initially reported in
2001 (Verpy et al., 2001). More recent studies report STRC
deletions with varying sizes in approximately 2.5% of cases
with sensorineural hearing loss in the American population
(Francey et al., 2012). The deletion of OTOA has been pre-
viously reported in a consanguineous Palestinian family with
1% carrier frequency in that population (Shahin et al., 2010).
Boundaries of the deleted region for OTOA (MIM607038)
have not been clearly defined. The size of the deleted region
detected by XHMM in family 3 is similar to those previously
published (Supplementary Fig. S3).

Both CoNIFER and XHMM are based on a read depth
approach to detect CNVs in WES data. While XHMM uti-
lizes the principal component analysis followed by the Hid-
den Markov model to identify CNVs, CoNIFER uses a
singular value decomposition technique to correct systematic
biases and identifies a CNV call if the corrected signal
reaches a predefined threshold at no less than three subse-
quent exons (Fromer et al., 2012; Krumm et al., 2012).
Breakpoint detection is an advantage of the XHMM (Fromer
et al., 2012; Tan et al., 2014). According to our data, XHMM
showed more reliable results for the size of the OTOA dele-
tion. We also noted that CoNIFER CNV analysis missed two
heterozygous deletions used as positive controls. Recent
CNV comparison studies in WES showed that by using the
previously described heterozygosity check method (Zhu
et al., 2012), CoNIFER detects less (40%) heterozygous
false-positive deletions (for regions > 1 kb) compared to
XHMM (64%) (Tan et al., 2014), suggesting that it might be
missing some true positives to increase specificity. Con-
servative predefined thresholds in default settings of the
CoNIFER might be the reason for missing heterozygous
deletions in positive controls in our data set.

Identifying causative genetic changes in hearing loss
provides substantial information for the etiological diagnosis
and genetic counseling. Our study shows that CNVs are an
important cause of deafness and should be a part of the
multigene panel or WES pipelines performed for sensori-
neural hearing loss.
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