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Abstract

Background—Countries with culturally accepted consanguinity provide a unique resource for 

the study of rare recessively inherited genetic diseases. Although hereditary hearing loss (HHL) is 

not uncommon, it is genetically heterogeneous, with over 85 genes causally implicated in non-

syndromic hearing loss (NSHL). This heterogeneity makes many gene-specific types of NSHL 

exceedingly rare. We sought to define the spectrum of autosomal recessive HHL in Iran by 

investigating both common and rarely diagnosed deafness-causing genes.

Design—Using a custom targeted genomic enrichment (TGE) panel we simultaneously 

interrogating all known genetic causes of NSHL in a cohort of 302 GJB2-negative Iranian 

families.

Results—We established a genetic diagnosis for 67% of probands and their families, with over 

half of all diagnoses attributable to variants in five genes: SLC26A4, MYO15A, MYO7A, CDH23, 

and PCDH15. As a reflection of the power of consanguinity mapping, 26 genes were identified as 

causative for NSHL in the Iranian population for the first time. In total, 179 deafness-causing 

variants were identified in 40 genes in 201 probands, including 110 novel single nucleotide or 

small insertion-deletion variants and 3 novel copy number variations. Several variants represent 

founder mutations.

Conclusion—This study attests to the power of TGE and massively parallel sequencing (TGE

+MPS) as a diagnostic tool for the evaluation of hearing loss in Iran, and expands on our 

understanding of the genetics of HHL in this country. Families negative for variants in the genes 

represented on this panel represent an excellent cohort for novel gene discovery.
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INTRODUCTION

The relationship between consanguinity and rare autosomal recessive disorders has long 

been recognized.[1–3] This association reflects the increased co-efficient of inbreeding that 

raises the likelihood of homozygosity for pathogenic variants in cultures allowing and 

encouraging intermarriage between relatives.[4] For example, in Iran the coefficient of 

inbreeding is 0.0185,[2] making this population extremely valuable for the identification of 

novel genes associated with recessive disorders like hereditary hearing loss (HHL). As 

compared to Western countries where the frequency of congenital hearing loss ranges from 

1 to 2 per 1000,[5] in Iran it reaches 1 in 166,[6] making it the second most frequent 

disability following intellectual impairment.[7]

Numerous non-syndromic hearing loss (NSHL) genes have been discovered using Iranian 

families,[8–12] and multiple studies have shed light on its genetic etiology within this 

population (reviewed in [6]). However, consanguinity is a double-edged sword – while 

novel gene discovery is facilitated, genetic testing is more challenging as the likelihood of a 

high impact single genetic cause of hearing loss is decreased. For example, in Iran the 

prevalence of GJB2-related deafness is relatively low. It accounts for about 22% of 
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autosomal recessive severe-to-profound non-syndromic hearing loss (ARNSHL) in the 

Azerbaijan province of northwest Iran, but falls to about 8% in the southeast Iranian 

provinces of Sistan and Baluchestan.[13] In contrast, in multiple countries with a low co-

efficient of inbreeding, variants in GJB2-related deafness account for about 50% of 

congenital severe-to-profound ARNSHL.[14 15]

The diagnostic challenge imposed by consanguinity can be met by using targeted genomic 

enrichment with massively parallel sequencing (TGE+MPS) to screen simultaneously all 

genes implicated in NSHL. This approach is temporally and financially sound and has been 

used in several studies focused on Middle Eastern populations.[16–18] To date, however, 

the full spectrum of genetic deafness has not been investigated in this manner.

In this study, we used a custom-designed targeted genomic enrichment (TGE) panel,[19 20] 

to target all NSHL-causing genes as well as select syndromic forms of hearing loss in a 

cohort of 302 Iranian probands. We demonstrate the efficiency of TGE+MPS as a diagnostic 

tool with a high probability of diagnosis and expand our understanding of the genetics of 

HHL in Iran. We also define a cohort enriched for families very likely segregating novel 

genetic causes of ARNSHL.

MATERIALS AND METHODS

Patients

Families with apparent autosomal recessive hearing loss were recruited through the Genetics 

Research Center at the University of Social Welfare and Rehabilitation Sciences, in Tehran, 

Iran. A detailed clinical examination was completed, measuring hearing thresholds by pure-

tone audiometry at 250, 500, 1000, 2000, 4000, and 8000 Hz following standard protocols.

[21] Most hearing-impaired persons had NSHL, but if Usher syndrome was suspected, 

funduscopy was performed, and if Pendred syndrome was considered, thyroid function 

testing and temporal bone imaging were completed. Blood was obtained from consenting 

participants and DNA was extracted following standard salting-out protocols.[22] This study 

was approved by the ethical committee of University of Social Welfare and Rehabilitation 

Science in Tehran, Iran and the Institute Review Board of the University of Iowa.

Library preparation, sequencing and bioinformatic analysis

Prior to TGE+MPS, Sanger sequencing was used to identify participants segregating 

causative variants in GJB2. If GJB2 screening was negative, TGE+MPS was completed as 

described[20] for a single proband from each family, using 1.5–3 µg of high-quality 

genomic DNA. Liquid-handling automation equipment (PerkinElmer, Waltham MA) was 

used to prepare the libraries. We used a TGE panel (OtoSCOPE v5) that targets 89 deafness-

associated genes (see online supplementary table S1). All enriched libraries were sequenced 

on the Illumina HiSeq 2000 (Illumina, Inc., San Diego, CA) using 100 bp paired-end reads. 

Data analysis was performed on a local installation of Galaxy using the Burrows-Wheeler 

Alignment (BWA) for read mapping to the reference genome (hg19, NCBI Build 37), Picard 

for removal of duplicate reads, and GATK for local re-alignment and variant calling. Variant 

filtering was based on quality/coverage depth (QD≥5) and minor allele frequency 
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(MAF<0.02) as reported in the 1000 Genomes Project Database and the National Heart, 

Lung, and Blood Institute (NHLBI) Exome Sequencing Project Exome Variant Server 

(EVS). Variants meeting these metrics were further filtered based on coding effect (non-

synonymous, indels and splice-site variants), and annotated for conservation (GERP and 

PhyloP) and pathogenicity (PolyPhen2, SIFT, MutationTaster and LRT). We also 

considered annotations from the Deafness Variation Database 

(deafnessvariationdatabase.org), an in-house curated, open-access database of all variants in 

the deafness TGE panel. Copy number analysis was included and completed as described.

[20 23 24] Briefly, a custom R script provided mean-depth analysis following normalization 

of all samples’ overall coverage to that within the entire batch using a sliding-window 

method. We utilized the 2011-07-01 version of the tool with default settings to make 

automated CNV calls. All CNV calls were then curated manually.

Variant interpretation and segregation analysis

Manual variant interpretation was undertaken with a hierarchical scheme. Variants 

previously reported as pathogenic by the Deafness Variation Database were considered first. 

Variants were considered likely pathogenic if they met the following characteristics: 1) Low 

MAF (<0.005); and 2) Predicted truncating (nonsense, splice-site, and indels). Missense 

variants were also considered if the pathogenicity score was high (predicted deleterious by at 

least 4 of 6 tools, listed above). In variants meeting these criteria, Sanger validation and 

cosegregation in multiplex families was completed.

Haplotype construction

Haplotypes were constructed using 14 exonic SNPs and one causative SNP spanning 36 and 

719 kb of sequence flanking the putative founder mutations in MYO15A and PCDH15, 

respectively, and 9 exonic SNPs and one causative SNP spanning 57 kb within SLC26A4. 

Defined haplotypes were compared across families and against ethnically matched controls. 

SNPs selected for haplotype reconstruction had varying MAFs (0.000–0.9999).

RESULTS

Ascertained families and clinical description

Three-hundred-and-two (302) GJB2-negative multiplex families segregating apparent 

autosomal recessive NSHL were recruited across Iran (figure 1, see online supplementary 

table S2). Two notable exceptions were a single family presenting with sensorineural 

hearing loss, optic atrophy, and ataxia (later diagnosed with Charcot Marie Tooth syndrome) 

and a family with cochlear aplasia and atrial and ventricular septal defects (genetically 

undiagnosed). Twelve different ethnicities were represented, although 167 individuals (55%) 

were of Fars ethnicity. 241 families (80%) reported consanguinity. Hearing loss was severe-

to-profound in 85% of probands (257), moderate-to-severe in 14%, and mild-to-moderate in 

1%. It was prelingual in onset in 86% of probands, with the phenotype most commonly 

being non-syndromic (82%, 247 probands), however in-depth clinical evaluation identified 

syndromic features in 8% of probands, with Usher syndrome, Pendred syndrome, Charcot 

Marie Tooth syndrome, Chudley-McCullough syndrome, and Jervell and Lange-Nielsen 

syndrome all represented.
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Targeted genomic enrichment and massively parallel sequencing

The proband from each family underwent TGE+MPS (see online supplementary table S1). 

Sequencing generated an average of 7.883 (± 2.004) million reads per sample, with an 

average target coverage of 578× (±246). Greater than 99.3% (± 0.6%) of the panel was 

covered at 20× (see online supplementary table S3). An average of 7 variants per sample 

met all quality and functional filtering criteria.

Genetic diagnosis

Amongst the cohort of 302 GJB2-negative probands, we identified the underlying genetic 

cause in 201, providing a diagnostic rate of 67% (see online supplementary table S4). Had 

the cohort not been pre-screened for GJB2, this figure would have increased to greater than 

72%.[25] The impact of reported consanguinity on diagnostic rate was insignificant, (66% 

versus 67% for non-consanguineous families), likely reflecting the overall high co-efficient 

of inbreeding as reflected by the fact that within all positively diagnosed families, 89% were 

homozygous for the identified deafness-causing variant (figure 2).

Genetic etiology of hearing loss in Iran

Over half of all diagnoses (52%) in this GJB2-negative cohort were attributable to variants 

in five genes: SLC26A4, MYO15A, MYO7A, CDH23, and PCDH15 at 18%, 14%, 8%, 7%, 

and 5%, respectively (see online supplementary figure S1). In the remaining families, causal 

variants were identified in 35 different genes (table 1). This report is the first to implicate 26 

of these genes as causal of hearing loss in the Iranian population.

The number of unique deafness-causing variants was 179, of which 66 have previously been 

reported as pathogenic. Of the 113 novel variants we considered pathogenic based on MAF, 

conservation, and in silico pathogenicity prediction, Sanger sequencing and segregation 

analysis have confirmed 106 (see online supplementary table S4). A total of 398 deafness-

causing alleles, including 1 mitochondrial and 3 X-linked, were identified in 201 probands.

Only 19 probands were compound heterozygotes for deafness-causing variants; the majority, 

178 were homozygous for the identified deafness-causing variant. Of this number, 153 

(86%) reported consanguinity. Interesting, and also consistent with a high co-efficient of 

inbreeding, 6 of 19 (32%) probands with compound heterozygosity for causative variants 

were born to consanguineous parents. These findings indicate that a high-coefficient of 

inbreeding combined with geographical isolation may lead to enrichment of pathogenic 

variants in consanguineous families. The distribution between non-truncating and truncating 

variants was similar: missense variants accounted for 48% (192) of causative alleles, with 

nonsense 18% (69), splice-site 14% (56) and indels 17% (69) accounting for the remainder 

(figure 2).

Copy number variations (CNVs) constituted 3% of the causative variants (6 homozygous 

variants; 12 alleles) (figure 2, figure 3). Of the homozygous CNVs, 3 have been reported (a 

OTOA whole gene deletion, a STRC gene-to-pseudogene conversion, and a SLC26A4 multi-

exon deletion)[23 26 27] and 3 are novel (a homozygous deletion of 19 exons in USH2A, a 

homozygous deletion of exon 6 of DFNB59, and a homozygous duplication of 4 exons in 
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TMPRSS3, potentially leading to a frameshift—premature truncation) (see online 

supplementary table S4). In addition, a 35-bp, medium-sized deletion within exon 2 of 

ILDR1 was identified through CNV analysis.

Variant type varied significantly across genes (chi square p <0.0001) (figure 4). Missense 

variants represented 75%, 74%, 60%, 43%, and 0% of diagnoses involving CDH23, 

SLC26A4, MYO7A, MYO15A, and PCDH15, respectively. Nonsense variants were causative 

in 72%, 27%, 12%, 7%, and 0% of diagnoses in PCDH15, MYO7A, MYO15A, CDH23, and 

SLC26A4.

Causative variants observed in multiple families and possible founder effects

Thirty-one causative variants were diagnosed in at least two families (see online 

supplementary table S5). For 19 (61%) of these variants all families with the variant were of 

the same ethnicity. The most frequently identified variant, PCDH15 p.Gln1576Stop was 

identified in 4 families, 3 of whom are of the Fars ethnicity (figure 5, see online 

supplementary figure S2). All individuals homozygous for this variant segregated the same 

haplotype. A similar analysis of the MYO15A and SLC26A4 supported founder haplotypes 

for p.Tyr1392Stop and p.Leu445Trp (figure 5).

DISCUSSION

Although deafness is the second most frequent disability in Iran, in this study we show that 

in spite of tremendous heterogeneity, variants in only five genes (SLC26A4, MYO15A, 

MYO7A, CDH23, and PCDH15) account for over half of all genetic diagnoses (table 1, see 

online supplementary figure S1). In addition to NSHL, we also identified several syndromic 

forms of hearing loss, including Usher syndromes types 1 and 2, Pendred syndrome, Jervell 

and Lange-Nielsen syndrome, Chudley-McCullough syndrome, and Charcot-Marie-Tooth 

Disease (see online supplementary table S4). Early diagnosis of Usher and Jervell and 

Lange-Nielsen syndromes are especially important due to the potential for medical 

intervention[28–30] and therefore are important inclusions in the genetic evaluation of 

presumed NSHL.

Previous gene-specific studies causally implicated 14 genes with NSHL in the Iranian 

population: GJB2, SLC26A4, MYO15A, TECTA, DFNB59, TMC1, LRTOMT, ILDR1, 

COL11A2, LOXHD1, MARVELD2, MYO7A, OTOF, RDX (reviewed in [31]), and PDZD7.

[32] The most comprehensive previous study was completed on 144 GJB2-negative subjects 

using linkage analysis and Sanger sequencing, which identified variants in 10 different 

genes (MYO15A, SLC26A4, ILDR1, TECTA, TMC1, DFNB59, LRTOMT, OTOF, 

MARVELD2, and MYO7A) with a diagnosis rate of 22.9%.[33] This study showed similar 

diagnostic rates to ours, with notable exceptions for SLC26A4 and MYO7A (see online 

supplementary table S6), with diagnostic rates of 0.7% versus 5% and 4.9% versus 12.3%, 

respectively. Direct comparison between studies is difficult, however, based on fundamental 

differences in study design. Had our study focused on the previously implicated14 genes, the 

number of positive diagnoses would have dropped from 201 to 113 (59%), decreasing the 

overall diagnostic rate to 39% of 302 probands. This difference emphasizes the need for a 

comprehensive genetic testing strategy in this population.
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Using TGE+MPS, we identified differing patterns of causal variants within the five most 

commonly implicated genes (figure 4). SLC26A4 causative variants were predominantly 

missense (74%), but conversely PCDH15 variants were predominantly non-sense (72%). 

MYO15A, CDH23, and MYO7A all exhibited unique patterns of causative variant types. In-

depth analysis of these gene-specific patterns will provide a better understanding of their 

pathophysiological mechanisms.

There were also founder mutations such as p.Gln1576Stop in PCDH15, p.Tyr1392Stop in 

MYO15A, and p.Leu445Trp in SLC26A4 (figure 5, see online supplementary figure S2). 

Although PCDH15 p.Gln1576Stop is novel, the MYO15A p.Tyr1392Stop has been reported 

in the Pakistani population[34] and the SLC26A4 p.Leu445Trp mutation has been identified 

in Dutch, Tunisian, Brazilian, and French populations.[35–38] As expected, most variants 

found across families displayed phenotypic similarities, with one notable exception, MYO7A 

NM_000260:c.1344-2A>G. This splice variant was identified in two families of Fars 

ethnicity. In one family the phenotype was bilateral severe-to-profound NSHL, while in the 

other, the phenotype was Usher syndrome. This difference is potentially interesting, as it 

suggests the involvement of modifiers genes in these phenotypes.

Other phenotypic differences emerged within the PCDH15 variant spectrum. The six unique 

nonsense, splice-site, and indel variants that result in a premature stop at or before amino 

acid 996 caused Usher syndrome, while variants later in the protein caused a non-syndromic 

phenotype. This observation is in contrast to earlier studies suggesting that all truncating 

variants of PCDH15 are associated with Usher syndrome.[39]

CNVs accounted for only 3% of diagnoses and therefore did not play a dominant role in 

spite of their significance in other populations.[23] For example, while CNVs in STRC 

account for about 5.5% of hearing loss in outbred populations,[23 40] they accounted for 

just 0.5% of diagnoses in this Iranian cohort (figure 2). This difference may reflect an 

ascertainment bias for probands with severe-to-profound hearing loss (85% of the Iranian 

cohort) (figure 1, figure 3, see online supplementary table S2).

The outcomes of this study are important to the global scientific community studying 

hereditary hearing loss in two ways. First, with respect to the families diagnosed with 

ARNSHL, 93 identified novel variants have been submitted to the Deafness Variation 

Database (deafnessvariationdatabase.org), creating a feed-forward loop for improving 

variant annotation. Additionally, as a result of this study, 12 variants have been reclassified 

as ‘pathogenic’ from a previous classification of ‘variant of unknown significance’ (VUS) or 

‘likely pathogenic’. All variant reclassifications will require continued study of the Iranian 

population to ensure that they are not just ethnically enriched non-pathogenic variants.

Second, in 101 families, we failed to identify plausible disease-causing variants. These 

negative results might reflect familial locus heterogeneity[41] or non-coding disease-causing 

variants. For example, it has been estimated that only ~85% of genetic disorders are due to 

changes in coding regions.[42] As such, the 32 families identified as carriers of a single 

known deafness-causing variant constitute a valuable cohort to screen for pathogenic 

variants in regulatory domains. However, many of these ‘negative’ families may segregate 
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deafness-causing variants in novel genes. As such, they represent a pre-selected familial 

cohort ideally suited for novel deafness-gene discovery.

CONCLUSIONS

This study is the largest to date to investigate the genetic etiology of hearing loss in an 

Iranian population. We demonstrate the efficiency of TGE+MPS as a diagnostic clinical 

tool, and document the continued value of comprehensive studies in inbred populations to 

enrich our understanding of phenotype-genotype correlations, inform our ability to classify 

variants, and expedite our discovery of novel deafness-causing genes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Phenotypic characteristics of Iranian individuals with hearing loss
Amongst the 302 Iranian probands with hearing loss 267 had complete phenotypic data 

available. The inner ring indicates the severity of hearing loss, separated by color (red, 

yellow, and blue for mild to moderate, moderate to severe, and severe to profound, 

respectively); the middle ring indicates the onset, prelingual or postlingual; and the outer 

ring denotes the presence of additional phenotypes, Pendred syndrome (Pendred), Usher 

syndrome (Usher), or another suspected syndrome (other). White segments in the outer ring 

represent individuals with non-syndromic hearing loss.
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Figure 2. Proportions of causative mutation types in 201 Iranian families
A. Proportional identification of homozygous versus compound heterozygous, X-linked, or 

mitochondrial variants within 201 diagnosed families. B. Causative mutation type as a 

portion of all causative alleles: missense, nonsense, splice-site, indel, and CNV’s. X-linked 

autosomal recessive, mitochondrial, and heterozygous variants are each assigned a count of 

one, while homozygous calls are counted as two, one for each allele (n=398). Causative 

variant type varied very slightly in individuals from consanguineous (C) or non-

consanguineous (D) families, n=319 and 79 alleles, respectively.
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Figure 3. Selected representative CNVs identified within a population of 302 Iranians
Homozygous whole gene deletion of OTOA gene (A), homozygous duplication of exons 7–

10 of TMPRSS3 gene (B), and partial deletion of USH2A are shown below gene diagrams, 

indicating the structure of each gene and its exons. X-axis indicates chromosomal position. 

Y-axis shows the number of reads, represented as a ratio; 1.0 indicates the normal level of 2 

alleles (black lines), 0.5 indicates a heterozygous deletion, 0 implies a homozygous deletion 

(both indicated by red lines), 1.5 indicates a heterozygous duplication and 2.0 corresponds to 

homozygous duplication (both indicated by blue lines).
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Figure 4. Commonly diagnosed genes in Iranian families exhibit unique patterns for different 
mutation types
Mutation types: missense, nonsense, splice-site, indel, and CNV’s are displayed based upon 

allele count for all diagnosed patients, SLC26A4, MYO15A, MYO7A, CDH23, and PCHD15 

with an n = 398, 74, 58, 30, 28, and 18, respectively.
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Figure 5. Founder effects are associated with particular PCDH15, MYO15A, and SLC26A4 
variants
Genotype and location for 14, 14, or 9 SNPs (green arrows) surrounding the causative 

variants in individuals segregating PCDH15 p.Gln1576Stop (A), MYO15A p. Tyr1392Stop 

(B), or SLC26A4 p.Leu445Trp (C) (red arrows) used to construct haplotypes.
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Table 1

Genetic etiology of hereditary hearing loss in 302 Iranian probands

Gene Number of
diagnoses

% of
diagnoses

% of
cohort

SLC26A4 37 18.4% 12.3%

MYO15A 29 14.4% 9.6%

MYO7A 15 7.5% 5.0%

CDH23* 14 7.0% 4.6%

PCDH15 9 4.5% 3.0%

USH2A 7 3.5% 2.3%

OTOA

6 3.0% 2.0%
ILDR1

TMC1

DFNB59

CABP2
5 2.5% 1.7%

TMPRSS3

GIPC3

4 2.0% 1.3%LRTOMT

TECTA

ADGRV1

3 1.5% 1.0%

LHFPL5

MYO6

OTOF

PTPRQ

USH1C

CIB2

2 1.0% 0.7%

COL11A2

DFNB31

MARVELD2

POU3F4

RDX

TMIE

ESPN

1 0.5% 0.3%

GPSM2

GRXCR1

KCNQ1

LOXHD1

MTRNR1

OTOGL

PDZD7
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Gene Number of
diagnoses

% of
diagnoses

% of
cohort

PRPS1

STRC

TRIOBP

WFS1

*
names shown in bold indicate that this study is the first to report variants in this gene as causative in an Iranian population.
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