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Abstract

We used a combined approach of homozygosity mapping and whole exome sequencing (WES) to search for the genetic
cause of autosomal recessive retinitis pigmentosa (arRP) in families of Yemenite Jewish origin. Homozygosity mapping of
two arRP Yemenite Jewish families revealed a few homozygous regions. A subsequent WES analysis of the two index cases
revealed a shared homozygous novel nucleotide deletion (c.1220delG) leading to a frameshift (p.Gly407Glufs*56) in an
alternative exon (#15) of USH1C. Screening of additional Yemenite Jewish patients revealed a total of 16 homozygous RP
patients (with a carrier frequency of 0.008 in controls). Funduscopic and electroretinography findings were within the
spectrum of typical RP. While other USH1C mutations usually cause Usher type I (including RP, vestibular dysfunction and
congenital deafness), audiometric screening of 10 patients who are homozygous for c.1220delG revealed that patients
under 40 years of age had normal hearing while older patients showed mild to severe high tone sensorineural hearing loss.
This is the first report of a mutation in a known USH1 gene that causes late onset rather than congenital sensorineural
hearing loss. The c.1220delG mutation of USH1C accounts for 23% of RP among Yemenite Jewish patients in our cohort.

Citation: Khateb S, Zelinger L, Ben-Yosef T, Merin S, Crystal-Shalit O, et al. (2012) Exome Sequencing Identifies a Founder Frameshift Mutation in an Alternative Exon
of USH1C as the Cause of Autosomal Recessive Retinitis Pigmentosa with Late-Onset Hearing Loss. PLoS ONE 7(12): e51566. doi:10.1371/journal.pone.0051566

Editor: Anneke I. den Hollander, Radboud University Nijmegen Medical Centre, The Netherlands

Received August 9, 2012; Accepted November 2, 2012; Published December 12, 2012

Copyright: � 2012 Khateb et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This study was financially supported by the Foundation Fighting Blindness USA (BR-GE-0510-0490-HUJ to DS), by the legacy heritage biomedical
program of the Israeli Science Foundation (grant number 612/09 to DS and TBY), and the Yedidut 1 research grant (to EB). The funders had no role in study
design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: banine@cc.huji.ac.il (EB); dror.sharon1@gmail.com (DS)

{ Deceased.

Introduction

Retinitis pigmentosa (RP) [MIM #268000] is the most common

inherited retinal degeneration with an estimated worldwide

prevalence of about 1:4000 [1,2]. The disease is highly heteroge-

neous and can be inherited in autosomal dominant, autosomal

recessive (AR), and X-linked modes. In most cases, RP is

nonsyndromic (e.g. no other clinical features are evident), but in

about 20–30% of cases the patients manifest a syndrome, such as

Usher syndrome (USH) which also causes vestibular and hearing

impairment to varying degrees, Bardet-Biedl syndrome (BBS), and

others [3]. At present, 36 genes have been associated with arRP

and 10 with USH (https://sph.uth.tmc.edu/RetNet/home.htm).

An interesting group of retinal disease genes can cause both

syndromic and nonsyndromic phenotypes, not always with a clear

disease mechanism: for example, USH2A mutations can cause the

USH phenotype but also RP alone [4,5,6,7,8]; USH1C and

MYO7A mutations have been associated with the USH phenotype

but also hearing impairment alone [9,10].

The Yemenite Jewish (YJ) population is ancient (over 2,000

years) and comprised of several small communities. Most members

of this population immigrated back to Israel between 1950 and

1955. In 2010, Israeli residents of YJ descent comprised about

2.5% (140,000) of the Israeli Jewish population. Up to date, a

single founder mutation in the CERKL gene (c.238+1G.A) has

been reported by us as the cause of inherited widespread retinal

degeneration with early macular involvement in about 30% of

cases of YJ origin [11].

In order to identify additional causes of RP in this population,

we recruited 36 families of YJ origin with isolate/AR retinal

degenerations (33 with RP and three with cone-rod degeneration).

The set of RP families of YJ origin comprises 16% of our cohort of

Israeli Jewish patients (33/205) which is much higher than the

fraction of YJ among all Israeli Jews. This difference can by

explained by founder mutations that are relatively common

among YJ, causing higher prevalence of disease. We identified the

CERKL founder mutation (c.238+1G.A) in 13 of the YJ families.

We performed homozygosity mapping using whole-genome single

nucleotide polymorphism (SNP) arrays in six patients who belong
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to two YJ families followed by whole exome sequencing (WES)

analysis. Using this method we identified a novel frameshift

mutation in an alternative exon of USH1C as the cause of RP with

late onset hearing loss rather than the classic USH1 phenotype

which manifests with profound congenital hearing loss and

vestibular dysfunction.

Materials and Methods

Subjects and Clinical Evaluation
The tenets of the Declaration of Helsinki were followed and

prior to donation of a blood sample, a written informed consent

was obtained from all individuals who participated in this study,

after explanation of the nature and possible consequences of the

study. The research was approved by the institutional review

board (IRB) at the Hadassah medical center. DNA was extracted

Figure 1. Family trees and segregation analysis of the USH1C c.1220delG mutation. A. Structure of the two families that were selected for
whole exome sequencing. The family number is indicated above the corresponding family tree. Filled symbols represent affected individuals, whereas
clear symbols represent unaffected individuals. Generation numbers are depicted on the left and individual numbers below each symbol. The USH1C
genotype is presented as: M/M, homozygous for the c.1220delG mutation; M/+, heterozygous; +/+, homozygous for the wildtype allele. Index cases
are marked with an arrow. B. Sequence chromatograms of part of USH1C exon 15 of a control individual (top), a heterozygote (middle), and a patient
who is homozygous for the mutation (bottom). The c.1220delG mutation (boxed) results in a frameshift (p.Gly407Glufs*56).
doi:10.1371/journal.pone.0051566.g001
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from the index patient as well as from other affected and

unaffected family members using the FlexiGene DNA kit

(QIAGEN).

Ocular evaluation included a full ophthalmologic exam, Gold-

mann perimetry, electroretinography (ERG), color vision testing

using the Ishihara 38-panel and Farnsworth-Munsell D-15 tests,

color and infrared fundus photos, optical coherence tomography

(OCT), and fundus autofluorescence (FAF) imaging performed as

previously described [12].

Audiological screening included a comprehensive questionnaire

(collecting information regarding any history of exposure to noise,

ototoxic agents, and genetic factors related to hearing impair-

ment), as well as physical and audiometric examinations. An age-

appropriate audiological examination was performed including

pure-tone audiometry (250 Hz to 12,000 Hz), tympanometry, and

transient-evoked otoacoustic emission (TEOAE) for each ear. We

used the following scale to grade the degree of sensorineural

hearing loss (SNHL): slight- 16 to 25 dB hearing loss, mild- 26–

40 dB, moderate- 41–55 dB, moderately severe- 56–70 dB,

severe- 71–90 dB, and profound- .90 dB hearing loss [13].

Specific types of SNHL were determined by audiometric curve

patterns: ascending (hearing loss greater at the lower frequencies),

flat, descending (hearing loss greater at the higher frequencies),

and "U-shaped" (hearing loss at mid-frequencies) curves. Otoa-

coustic emissions (OAEs) have been suggested as a sensitive

measure of cochlear function with the potential for preclinical

detection of damage [14]. TEOAE tests were conducted on the

same day as the pure tone test. A response at three frequencies of

3 dB or greater above the background with a minimum of 70%

reproducibility at each frequency and 90% or greater stability was

required for passing the TEOAE test. TEOAE examination was

categorized as either pass or fail for each ear.

Genetic Analyses
Whole genome SNP analysis was performed on six patients with

nonsyndromic arRP who belong to two different YJ families, using

either the Affymetrix 10K or 6.0 microarrays and data analysis

was performed using HomozygosityMapper (http://www.

homozygositymapper.org/). WES analysis was performed at

Otogenetics corporation using Roche NimbleGen V2

(44.1 Mbp) paired-end sample preparation kit and Illumina

HiSeq2000 at a 31x coverage. Sequence reads were aligned to

the human genome reference sequence (build hg19) and variants

were called and annotated using the DNAnexus software package.

Dataset files including the annotated information were analyzed

using ANNOVAR according to the dbSNP database (build 135)

with the following filtering steps: autosomal recessive inheritance;

variant type including missense, nonsense, and splice-site; not

within segmental duplications; minor allele frequency (MAF) less

than 0.5%; SIFT score ,0.05 when available; PolyPhen2 score

.0.85 when available. Primers for USH1C exon 15 (Table S1)

were designed using the Primer3 software [15] and Sanger

sequencing of PCR products was used to verify the mutation and

to screen additional patients and controls. Retinal RNA was

isolated from human retina using TRI-reagent (Sigma-Aldrich)

and RNA derived from different human tissues was purchased

(Clontech; cat. #636643, lot No. 8101369A). cDNA was synthe-

sized using the Verso cDNA kit (Thermo) in accordance with the

manufacturer’s protocol. PCR specific primers (Table S1) were

designed with Primer3 to amplify two parts of the USH1C mRNA:

exons 14 through 16 and exons 14 through 23. RT-PCR of a

PGM1 fragment was used as a control (Forward:

TGGTGCTCTGGACCGGGTGG; Reverse: GCACTCC-

CAGTGCCGCTCAG).
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Results

Whole Genome SNP Analysis
We performed homozygosity mapping using whole genome

SNP arrays in six patients who belong to two YJ families. Family

MOL0125 is non-consanguineous with four affected siblings and

family MOL0486 is consanguineous (the parents are first cousins)

with two affected sisters (Fig. 1A). The index case of MOL0125

was screened for mutations using the APEX-based Asper arRP

array (an arrayed primer extension-based genotyping process,

including most of the arRP mutations thus far reported) and was

homozygote for the wild-type allele in all tested nucleotides.

Homozygosity mapping in MOL0486 revealed 6 and 5 homozy-

gous regions (.10 Mb) in the two affected sisters, MOL0486 II:1

and MOL0486 II:3, respectively. Two of these regions were

shared between the two affected sisters, the largest being a 38.98-

Mb region on chromosome 11 between the markers rs1395558

and rs724759 (Table S2). A similar analysis of the four patients in

MOL0125 did not reveal any large homozygous regions. The

largest shared homozygous region was identified on chromosome

11 (Table S2) including 296 consecutive homozygous SNPs. This

region was relatively small (about 1 Mb) including 9 genes, one of

which is USH1C. We therefore could not exclude the possibility

that the patients are compound heterozygous for two different

mutations in the same gene.

Whole Exome Analysis
Aiming to identify the genetic cause of disease in the two

studied families, we performed WES analysis on one patient

from each family (Table S3). For MOL0486 II:1, we produced

4.77 gigabases (Gb) of paired-end 100-nucleotide sequence

reads, 88% of which were mapped to gene regions. A total of

933.93 million bases were covered with an average coverage of

30.17 reads per nucleotide (Table S3). Alignment of these reads

to hg 19 revealed a total of 232,065 variants that underwent a

series of filters (Table 1) to exclude sequence changes that are

unlikely to be pathogenic. A total of 277 variants passed the

filters, only one of which was within a genomic region that was

homozygously shared by the two affected individuals in the

whole genome SNP array analysis: a deletion of guanine

(c.1220delG) leading to a frameshift (p.Gly407Glufs*56) in an

alternative exon (#15) of USH1C.

In parallel, we performed a similar analysis of MOL0125 II:4.

WES produced sequence reads in a total length of 4.51 Gb, 92%

of the reads were mapped to gene regions with an average

coverage of 31.17 reads per nucleotide (Table S3). The analysis

revealed a total of 233,572 variants, only 311 remained (Table 1)

after applying the same filters used in family MOL0486. As

mentioned above, this family was nonconsanguineous and

homozygosity mapping did not reveal large homozygous regions,

we therefore considered both homozygous changes and two

heterozygous changes affecting the same gene. The filtering based

on disease model revealed only one possible mutation in USH1C as

described above.

The combined whole genome SNP array and WES analysis in

the two families revealed the same mutation- c.1220delG in

USH1C. The USH1C mutation is part of a shared homozygous

haplotype of 27 SNPs that is shared by the two index cases of

families MOL0125 and MOL0486, indicating a founder muta-

tion. We confirmed this mutation by Sanger sequencing (Fig. 1B)

and it fully cosegregated with the phenotype in the two families

(Fig. 1A).

Mutation Analysis
Screening the c.1220delG mutation in a set of 119 ethnically-

matched (YJ) normal controls revealed one heterozygous individual,

thus indicating a carrier frequency of 0.008 (95% confidence interval

0.002–0.045) in this population. We subsequently screened a set of 35

unrelated YJ patients with retinal degenerations (21 of whom had

nonsyndromic RP) for the c.1220delG mutation and identified six

additional index RP cases who were homozygous for the mutation.

Statistical analyses between patient and control groups showed a

significant difference (Table S4).

Clinical Evaluation
Aiming to clinically characterize patients with the c.1220delG

mutation, we performed full ophthalmologic examinations and

audiometric testing in most of the patients. Ocular evaluation of 12

patients showed a spectrum of findings (Table S5). Visual acuity

ranged from 0.2 to 1.0, usually being better at younger ages.

Funduscopic findings also showed worsening with age, including

waxy-appearanceof theopticnervehead,attenuationofretinalblood

vessels, and increasing, prominent bone spicule-like pigmentation

which already extended from the mid-periphery to encroach upon

the posterior poles in patients in their twenties and early thirties

(Fig. 2A, C, E). There was relative preservation of the macular area,

but FAF imaging showed increased involvement with age (Fig. 2B, D,

F). OCT imaging in early disease showed a relatively preserved

photoreceptor layer in the foveal area, with a decline in outer nuclear

layer (ONL) thickness with increasing distance from the fovea

(Fig. 2G). In older patients, the ONL showed thinning also in the

foveal area and cystoid macular edema was evident in some cases

(Fig. 2H, I). ERG responses ranged from severely reduced to non-

detectable in patients in their teens and twenties, and non-detectable

at older ages (Table S5). Visual fields were markedly constricted in

patients in their twenties (Fig. S1).

Audiometric testing revealed variable degrees of SNHL in four

out of 10 examined patients, ranging from mild to severe

symmetric hearing impairment (Table S6). Normal hearing was

found in most participants under the age of 40 at all examined

frequencies (250–12,000 Hz; see an example in Fig. 3A). Older

patients did show SNHL, mainly at high frequencies (4,000–

12,000 Hz). For example, patient MOL0887-3, at 44 years of age,

showed moderate to severe hearing loss with a descending

audiogram (Fig. 3B). An analysis of high-frequency thresholds

versus age (Fig. 3C, D) showed normal hearing function in most

patients (five out of six) below 40 years of age, while patients above

40 years showed higher tendency for SNHL (three out of four

patients). Normal TEOAE responses were found in all participants

who showed normal hearing on audiometry. All patients reported

normal vestibular function.

Figure 2. Ocular Phenotype of patients who are homozygous for the USH1C c.1220delG mutation. (A, C, E) Color fundus photographs of
three patients aged 13 (MOL0486 II:3), 33 (TB16-R12), and 72 (MOL1023-1) years old, respectively. Note the increasing severity of fundus changes with
age, and the presence of dense bone spicule-like pigmentation. (B, D, F) Corresponding fundus autofluorescence imaging of the macular area in the
three patients shown in A,C,E. Note hyeprfluorescent rings around the foveas in the younger patients, and hypofluorescent areas of atrophy that
encroach upon the macula in the 33 year-old patient and invade the macula in the 72 year-old. (G, H, I) Horizontal optical coherence tomography
(OCT) cross-sections through the fovea in the 13 yo (panel G), 33 yo (H) and 72 yo (I) USH1C patients showing progressive loss of retinal and
particularly photoreceptor layer thickness with age. Intra-retinal cysts of fluid (cystoid macular edema) are evident in two of the cases (H, I).
doi:10.1371/journal.pone.0051566.g002
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Figure 3. Audiometric results of patients who are homozygous for the USH1C c.1220delG mutation. A. Patient MOL0486 II:3 (13 yo) with
normal hearing function. B. Patient MOL0887-3 (44 yo) with severe SNHL, particularly at higher frequencies (descending pattern). C,D. Hearing
threshold versus age at a frequency of 4,000 Hz (C) and 8,000 Hz (D). At younger ages, normal hearing function is evident, but after the age of 40
years, sensitivity is markedly reduced. For each of the 10 patients, the data from both the right and left ears is presented, showing symmetry between
both ears.
doi:10.1371/journal.pone.0051566.g003
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Figure 4. USH1C alternatively-spliced transcripts. A. USH1C can produce four different transcripts through alternative splicing. The scheme
represents the full-length open reading frame (ORF) of USH1C and the alternatively-spliced transcripts that can be produced. Exon numbers are
depicted within boxes. Previously reported transcripts are dashed and the novel transcript (USH1C_v4) is presented with a solid line. The bottom
panel shows the USH1C functional domains and the corresponding coding exons. B. RT-PCR analysis of USH1C splicing variants. A PCR product of
249 bp (top panel) amplified by the 14F and 23R primers (Table S1), representing the most common USH1C splicing isoform, USH1C_v2, is depicted
in different human tissues. The newly discovered transcript (USH1C_v4) is depicted in the middle panel (a PCR band of 189 bp amplified by primers
14F and 16R; Table S1) showing a relatively low expression level. Both PCR products were sequenced and verified in a few tissues, including the
retina. PGM1 RT-PCR was used as a control (bottom panel). C. Sequence chromatogram of the newly-identified USH1C splicing isoform. The splicing
variant (USH1C_v4) contains all USH1C coding exons and the new splicing event (exon14-exon15-exon16) is depicted.
doi:10.1371/journal.pone.0051566.g004
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Expression Analysis
The human USH1C gene contains 28 coding exons along a

genomic region of ,37 Kb and is known to produce three splice

variants [16] (variants USH1C_v1, USH1C_v2, and USH1C_v3;

Table S7 and Fig. 4A). To characterize the expression of USH1C

in human tissues, we analyzed all available USH1C EST sequences

deposited at NCBI and noted three regions that are affected by

alternative splicing: exon15, exons 16–21, and exon 27. Out of the

15 sequences encompassing exon 15, the vast majority (13

sequences) included exon 15 but not exons 21–26. Therefore,

the most common USH1C variant is USH1C_v2 (also known as

variant a and PDZ-73; see Table S7 for more information). RT-

PCR analysis using a set of primers that are specific for this variant

(primers 14F and 23R, see Table S1) revealed a variable

expression level in most studied human tissues (Fig. 4B, top

panel). Extensive RT-PCR analysis of this region revealed a novel

splice-variant, USH1C_v4 (Table S7 and Fig. 4C) that includes all

USH1C coding exons and is ubiquitously expressed at relatively

low levels (Fig. 4B; middle panel using primers 14F and 16R, see

Table S1).

Discussion

We report here of the identification of a novel USH1C founder

mutation in YJ patients with arRP. Some of the patients, mostly

those above the age of 40 years, developed variable degrees of high

tone SNHL. This USH1C mutation together with the previously

reported CERKL founder mutation [11], account for about 50% of

RP cases in this ethnic group.

USH1C encodes for harmonin, a scaffolding protein that is

required for normal mechanosensory function in cochlear hair

cells [17]. Its role in photoreceptors is not yet clear, although it

may be involved in maintenance of the synaptic structure or in

mediating the release of synaptic vesicles [18]. Mutations in

USH1C were previously reported to cause the following pheno-

types: Usher syndrome type 1 (characterized by congenital

profound SNHL, vestibular dysfunction, and RP) [19,20],

nonsyndromic profound SNHL at the DFNB18 locus [9,21],

and sector RP with early-onset SNHL [22]. A complete list of

mutations can be obtained from https://grenada.lumc.

nl/LOVD2/Usher_montpellier/home.php?select_db = USH1C.

Most patients with USH1C mutations suffer from typical USH1,

usually due to null (including nonsense, frameshift, and splicing)

mutations on both gene copies. The only exception is a patient

who is a compound heterozygous for a null and a missense

mutation but no clinical data were presented by the authors [23].

A few patients with less severe phenotypes (sector RP with early

onset deafness and nonsyndromic profound deafness) carry

mutation(s) that are expected to have a milder effect on protein

amount or function. Two siblings who suffer from sector RP and

hearing loss from the age of 4 years (but were able to develop

language) were reported to be compound heterozygotes for a

missense (p.Arg103His) and a canonical splice-site mutation

(c.2227-1G.A) [22]. Nonsyndromic deafness was reported in

only two families so far: patients from the original DFNB18

family were homozygous for a ‘‘leaky’’ splice-site mutation

(IVS12+5G.C) that might affect the splicing of exons 11 and 12

[9], and patients from a Chinese family were homozygous for a

missense change (p.Pro608Arg) but no functional assay was

performed to prove the pathogenicity of this change [21]. Most

of the mutations identified in USH1C so far (except for

p.Pro608Arg and c.2227-1G.A) are located within the first 13

exons, which are present in all USH1C transcripts reported to

date. The most common USH1C transcript, USH1C_v2, lacks

exons 16–21 and exon 27, while two relatively rare variants

(USH1C_v1 and USH1C_v3) lack exon 15. The founder

mutation we report here causes a typical form of RP with

prominent bone spicule-like pigmentation at relatively early ages,

which is later complicated by late-onset SNHL. In the literature,

the vast majority of USH1C patients were reported to manifest

early and profound hearing loss, while the patients we report

here maintain normal hearing until the age of about 40 years.

This might be explained by partial compensation of harmonin

function by the rare splicing variants that lack exon 15

(USH1C_v1 and USH1C_v3) and are therefore unlikely to be

affected by the mutation. A relatively high expression or a more

prominent role of these isoforms in the human cochlea versus the

retina might explain the relatively mild and delayed hearing loss.

The data we report here together with previously reported

studies suggest that mutations in USH1C may cause nonsyndromic

hearing loss or RP (usually the typical form and rarely the sectorial

form) with a variable effect on hearing (usually congenital

profound deafness with vestibular dysfunction and rarely late-

onset hearing loss). USH1C therefore should be considered a

candidate gene in patients with USH1, nonsyndromic hearing loss,

young (,40 years) RP patients with normal hearing function, and

RP patients with mild or late-onset hearing loss. To the best of our

knowledge, this is the first report showing that a mutation in a

gene known to cause the USH1 phenotype can cause RP with late

onset hearing loss.
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