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Abstract

Hearing impairment affects 1 in 650 newborns, making it the most common congenital sensory
impairment. Autosomal recessive nonsyndromic sensorineural hearing impairment (ARNSHI)
comprises 80% of familial hearing impairment cases. Mutations in GJB2account for a significant
number of ARNSHI (and up to 50% of documented recessive (e.g. more than 1 affected sibling)
hearing impairment in some populations). Mutations in the GJB2 gene are amongst the most
common causes of hearing impairment in populations of various ethnic backgrounds. Two
mutations of this gene, 35delG and 167delT, account for the majority of reported mutations in
Caucasian populations, especially those of Mediterranean and Ashkenazi Jewish background. The
235delC mutation is most prevalent in East Asian populations. Some mutations are of less well
characterized significance. The V371 missense mutation, common in Asian populations, was
initially described as a polymorphism and later as a potentially pathogenic mutation. We report
here on 15 unrelated individuals with ARNSHI and homozygosity for the V371 GJB2 missense
mutation. Nine individuals are of Chinese ancestry, two are of unspecified Asian descent, one is of
Japanese descent, one individual is of Vietnamese ancestry, one of Philippine background and one
of Italian and Cuban/Caucasian background. Homozygosity for the V371 GJB2 mutation may be a
more common pathogenic missense mutation in Asian populations, resulting in mild to moderate
sensorineural hearing impairment. We report a presumed haplotype block specific to East Asian
individuals with the V371 mutation encompassing the GJBZ gene that may account for the high
prevalence in East Asian populations.
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INTRODUCTION

Hearing impairment is the most common congenital sensory impairment, affecting 1 in 650
newborns [Mehl and Thomson, 2002]. Approximately 50% of cases are attributable to
genetic causes with 70% occurring without other abnormalities and thus termed
nonsyndromic hearing impairment. Autosomal recessive nonsyndromic sensorineural
hearing impairment (ARNSHI) comprises 80% of familial hearing impairment cases.
Mutations in the GJBZ gene are the largest genetic etiologic contributor to ARNSHI. GJB2
is believed to play a critical role in the recycling of potassium ions at their entry into hair
cells during sensory transduction from the endolymph to the stria vascularis where other
potassium channels pump potassium back into the endolymph [Kikuchi et al., 1995]. Certain
mutations have been described frequently among various populations, including 35delG
amongst individuals of Mediterranean and European decent, 167delT amongst individuals of
Ashkenazi Jewish decent and 235delC amongst individuals of Asian ancestry
[Wattanasirichaigoon et al., 2004]. The V371 missense mutation was first described as a
polymorphism [Kelley et al., 1998] when it was found as a heterozygous variant in a sample
from a control group. Then it was described as a potential pathogenic missense mutation
[Bason et al., 2002; Wilcox et al., 2000]. Bruzzone et al. [2003] confirmed that the V371
mutation can result in impairment of channel activity. Snoeckx et al. [2005] reported 1,531
individuals with autosomal recessive hearing impairment, and confirmed that the V371
mutation accounted for 2.45% of the alleles in this studied population, and for 37% of
Asians in the population. Even after these reports, the V371 mutation has been described
both as a potentially hearing impairment-causing mutation in some studies [Dahl et al.,
2006] as well as a change of unknown significance or as a non-pathogenic polymorphism
[Wattanasirichaigoon et al., 2004]. While it remains possible (but unlikely given mounting
evidence reported in the literature) that homozygosity for the V371 mutation may not be
fully penetrant, the rare reports of individuals homozygous for this mutation without
observed hearing impairment may be due to the manner in which hearing impairment is
being ascertained as V371 related hearing impairment can be very mild.

We report here on 15 unrelated probands with ARNSHI who are all homozygous for the
V371 GJB2mutation, further supporting the pathogenicity of this mutation. The clinical
characteristics of these probands are also reported (Table I). We have also performed
haplotype analysis of this locus across individuals of Caucasian/European and Asian
ancestry.

MATERIALS AND METHODS

Probands

All probands (Table 1) were enrolled in these studies under an IRB-approved protocol of
informed consent at The Children’s Hospital of Philadelphia. Thirteen of the 15 V371
homozygous and eight of the 11 V371 heterozygote probands reported here (Table I), were
identified from among a total cohort of 289 probands referred with bilateral sensorineural
hearing impairment to The Genetics of Hearing Impairment Clinic at The Children’s
Hospital of Philadelphia who were screened for G/B2 mutations (Table I). Of these
probands, 271 were evaluated by Illumina SNP genotyping array. Twenty-three individuals
in this cohort were of Asian ancestry as evaluated by ethnicity screening using Ancestry-
Informative Marker (AIM) SNPs from the genotype data generated by the lllumina® 550K
SNP array or from documented family history if genotyping data was unavailable. Those
probands with heterozygous or homozygous V371 mutations were included in this study.
Hearing impairment severity was categorized by the average thresholds between ears and
classified in the range of: mild (20-39dB), moderate (40-69dB), severe (70-89dB) or
profound (90dB). Routine dysmorphology exam, ophthalmologic exam, temporal bone CT
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or MRI, EKG, thyroid and renal function studies were performed on these probands. In
addition to the group identified at CHOP, genetic samples from 301 children with
nonsyndromic sensorineural hearing impairment from Boston Children’s Hospital were
analyzed on SNP array. All samples were screened for common genetic causes of hearing
impairment as described below. Of this group, fourteen were of Asian ancestry (4.7%) as
determined by AIM SNPs. Of the 14 Asian probands from the Boston cohort two were
found to be homozygous for V371 mutations and three were found to be heterozygous for
the mutation. None of the non-Asian probands from the Boston cohort were found to be
homozygous for V371 mutations. This gave a combined cohort (between CHOP and Boston
Children’s Hospital) of 15 V371 homozygous and 11 V371 heterozygous probands.

Mutational analysis of GJBZ, GJB6, the A1555G mitochondrial mutation and the seven
common mutations in the SLC26A4 gene were screened for, as described elsewhere [Yaeger
et al., 2006] Haplotype analysis across the GJBZ locus on chromosome 13g11-12 was
performed on 375 individuals. The haplotype was determined by analyzing the arrayed
SNPs of a 1IMB segment (inclusive of 219 SNPs) that encompassed the GJB2 locus. In
addition to analyzing the haplotypes of the nine probands with homozygous V37I mutations
(8 Asians, 1 Caucasian), we also analyzed the haplotypes of the eight probands with a single
V371 mutation (6 Asians, 1 half-Asian, and 1 Caucasian); all other Asians without V371
mutations (19); 159 Caucasian probands from our cohort for whom SNP genotyping was
available; 90 randomly selected Caucasian children without V371 mutations, and 90
randomly selected Caucasian and Asian HapMap normal control samples.

Statistical analysis of the proposed haplotype in Asian V371 patients and Caucasian and
Asian controls was performed using chi square testing for 2 x 2 tables with SigmaStat v3.5
(http://www.aspiresoftwareintl.com/html/sigmastat.html). As more than two alleles were
represented at several SNPs in the cohort, all alleles except for the allele corresponding to
the proposed haplotype were added together. If less than 80% of the expected frequencies
exceeded five or if any of the expected frequencies did not exceed 1 then Yates’s correction
for continuity was used. All p values were considered significant at < 0.05.

To test if haplotypes could be found in association with other GJB2 variants, chi square
analysis was also performed using the same parameters as above on a cohort of 35delG
patients seen in clinic and on Caucasian controls. Of these 35 patients, 15 are homozygous
for the 35delG mutation, seven are heterozygous with no other known GJB2 mutation and
13 are compound heterozygotes for another GJBZ2 mutation.

The clinical features, audiological findings, family histories and ethnicities of the fifteen
homozygous patients are summarized in Table 1. While all probands were felt to be non-
syndromic, Proband 2 had a repaired unilateral cleft lip and palate, Proband 3 was found to
have a right bundle branch block, as well as a prolonged QTC secondary to a depolarization
abnormality and Proband 1 demonstrated a slight prominence to her vestibular aqueduct
bilaterally.

Out of our cohort of 590 probands, 26 individuals (4.4%) were found to have at least one
V371 mutation. In six of these individuals the single V371 allele was the only mutation
identified. In five of these probands there was a compound heterozygous V371 allele with
another known GJBZ mutation. These individuals had varying severities of hearing
impairment ranging from mild to moderate. Fifteen probands in the combined cohort were
found to be homozygous for the V371 mutation. Of these 15 V371 probands, 14 were of
Asian ancestry. Of the 41 V371 alleles identified in our hearing impairment cohort 36 (88%)
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were present in individuals of Asian ancestry. Of all probands from our cohort of Asian
ancestry (n = 40) the 14 homozygous V371 probands with ARNSHI made up 35%.

Haplotype analysis across the GJBZ locus on chromosome 13g11-12 revealed a homozygous
ancestral SNP haplotype consisting of G/A/A/A/C/G/GIG/AIGICIA/A in nearly all the Asian
V371 probands (Fig. 1). Initially we looked at all genotyped SNPs that were within 1MB of
the single SNP that lies within GJBZ, rs3751385. Seven out of eight Asian V371
homozygotes had completely homozygous genotypes from rs9578257 until rs945373,
corresponding to a 66.2kb segment. The haplotypes were identical in seven of the eight
Asian V371 homozygotes, 15 out of 16 alleles, and was not present in the single Caucasian
V371 homozygote. The homozygous haplotype found in the Asian V371 homozygotes was
presumed to be a VV37I-specific haplotype. The six Asian heterozygotes and the single half-
Asian heterozygote all had genotypes that were compatible for carrying the proposed V371
haplotype block. The Caucasian heterozygote did not carry the presumed haplotype block.

We examined all Asians without an identified V371 mutation. Of these nineteen individuals,
only three (15.8%) had genotypes that were compatible with having the V371 haplotype
block (due to the lack of an ability to phase these alleles, and in the absence of
homozygosity across the region, we are only able to state that these genotypes are
“compatible” with the V371 haplotype block). The remaining sixteen had genotypes that
ruled out the possibility of having the proposed V371 haplotype. Among the entire
genotyped cohort without an identified V371 mutation, 41 out of 358 individuals (11.5%)
had genotypes that were compatible with having the proposed V371 haplotype. No
homozygotes for this haplotype block were found among those without a V371 mutation.

Statistical analysis found nine of the 13 SNPs in the proposed haplotype to be significantly
different between Asian patients and Asian controls (Table 11). Between Asian patients and
Caucasian controls 10 of the 13 SNPs were found to be significantly different. The one
heterozygous and the one homozygous V371 Caucasian patients were excluded from this
analysis.

The allelic age of V371 was estimated by using the recombination frequency of a SNP
rs9509119 found 60 kb away and just outside of the shared haplotype. The method of using
a nearby marker to calculate allelic age has been previously described by Van Laer et al.
[2001]. The recombination fraction, 6, is the fraction of probands that did not have a
recombination event between rs9509119 and the V371 mutation (6 = 0.0006). Since (1 - 6)
is the fraction of chromosomes that exhibit no recombination, then (1- &)N is the fraction of
chromosomes that have not exhibited recombination over N generations. Assuming that the
V371 mutation occurred on the haplotype containing the common G allele of rs9509119, 25
of the 30 chromosomes we analyzed showed no evidence of recombination. Therefore, the
V371 mutation in our Asian cohort is approximately 300 generations old.

This result is comparable to the estimation of allelic age based on the carrier frequency of
V371 in the Han Chinese and Japanese populations. The allelic age can be calculated based
by N =-2p/(1 - p) * In(p) * N, where t is the time in generations, p is the allele frequency
and N, is the effective population size [Slatkin and Rannala, 2000]. The effective population
sizes are estimated in the Han Chinese (N = 2,620) and Japanese (N, = 2,517) populations
based on HapMap haplotype studies [Tenesa et al., 2007]. The carrier frequency of V371 is
reported to be 3-6% in the Han Chinese population and 1-3% in the Japanese population
[Abe et al., 2000; Dai et al., 2009; Kudo et al., 2000; Li et al., 2012]. The allelic age of V371
estimated from these studies is between 200 and 1,000 generations old.

Chi square analysis done on 35delG patients and Caucasian controls for the same area shows
significant differences for 10 out of 13 SNPs (Table I11). The most common SNPs for this
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region in our 35delG cohort were G/G/A/AICIG/IGIGIAIAIA/AIG. All 35delG patients had
genotypes that were compatible with this SNP block but only 8 patients (all of whom were
homozygous for the 35delG mutation) had this block of SNPs homozygously. Of the 35
35delG patients screened, a total of 15 35delG homozygotes were found, seven of whom did
not have this block of SNPs in a homozygous state. As determined by Kokotas et al. [2008],
the 35delG mutation was estimated to be about 700 generations old.

DISCUSSION

In the present study, we have reported on 15 unrelated children with ARNSHI who are
homozygous for V371 GJBZ mutation. Published reports suggest that biallelic V371
mutations are likely pathogenic in Asian children with ARNSHI [Bason et al., 2002; Dahl et
al., 2006; Siemering et al., 2006]. Of our 15 probands, nine are of Chinese ancestry, two are
of Asian descent, one is of Vietnamese ancestry, one is of Philippine background, one is of
Japanese background, and one is of Italian, Cuban and Caucasian background. GJBZ gene
mutation spectrums are quite different between East Asian populations such as Japanese and
Chinese [Oguchi et al., 2005; Ohtsuka et al., 2003] and most European or North American
populations [Huculak et al., 2006]. Amongst Asians, 235delC is the most common GJB2
mutation, in contrast to the 35delG mutation which is the most prevalent mutation in
individuals of European or North American ancestry. The second most common GJB2
mutation reported in the Japanese is the V371 mutation [Cryns et al., 2004], at 16.5%.
[Tsukada et al., 2010]

The significance of the V371 allele has been much debated in the literature. Snoeckx et al.
[Snoeckx et al., 2005] reported 1,531 individuals from sixteen different countries with
autosomal recessive mild to profound nonsyndromic hearing impairment. The majority of
participants were white (90%). Asians represented 1.8% of the studied cohort. The V371
allele accounted for 2.45% of the alleles in the total study population but 37% of the alleles
in Asians, which is close to the 5.2% found in our total genotyped cohort and the 35% found
in our Asian cohort. Another study analyzed the GJBZ2 gene in 51 deaf students from
Malaysia [Ruszymah et al., 2005]. Bidirectional sequencing demonstrated that 25% of
childhood deafness in this population was caused by mutations in the GJB2 gene and 62% of
these children demonstrated at least one V371 missense mutation. V371 missense mutations
were not found in the normal control population. Huculak et al. [2006] reported GJB2
testing in 40 individuals of Chinese ancestry with bilateral sensorineural hearing impairment
tested for GJB2 mutations and compared these results with 100 Chinese controls, 100
Caucasian controls and 40 Caucasian individuals with bilateral sensorineural hearing
impairment. Of the 40 Chinese patients, 13 were found to be V371 homozygotes, six V37l
heterozygotes, and two compound heterozygotes. One Chinese control individual was found
to be a V371 homozygote and 21 were heterozygous for the V371 mutation. The frequency
of the V371 allele was 43.75% in the Chinese patient chromosomes and 11.5% in the
Chinese control chromosomes. Among the Caucasian controls none of the 40 individuals
with BLSNHL were found to carry a V371 mutation nor any of the 100 unaffected controls.
These authors concluded that the V371 allele is a common pathogenic allele in the Chinese
population. This conclusion was supported by V371 functional studies in COS-7 cells
[Oguchi et al., 2005] and in Xenopus oocytes [Bruzzone et al., 2003] that have shown that
the V371 variant is associated with abnormal connexin 26 function. In our study, 13 of 15
homozygous V371 probands displayed a pattern of mild to moderate NSHL, one proband
displayed moderately severe HL, and one proband had moderate HL that progressed to
severe. These results corroborate previous studies [Cryns et al., 2004; Huculak et al., 2006;
Oguchi et al., 2005; Snoeckx et al., 2005] demonstrating that the V371 missense mutation is
pathogenic and results in a less severe hearing impairment phenotype than frameshift
mutations such as the 35delG or 235delC mutations.
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The debate in the literature on the pathogenic significance of the V371 mutation stems
partially from the difficulty in comparing data from different studies. Variability of the
patient cohorts and the severities of hearing impairment being assessed have made
meaningful comparisons across studies challenging. In the initial reports of GJB2Z mutations
and their relevance to hearing impairment the patient populations typically were of non-
Asian ethnic backgrounds and with severe to profound hearing impairment [Gronskov et al.,
2004]. Additional reports of cohorts with some Asian ethnic participants were difficult to
interpret as they did not include individuals with mild to moderate hearing impairment
[Propst et al., 2006]. The V371 missense mutation was likely under-ascertained in these
studies because they were biased towards identification of more severe alleles (e.g. the
35delG mutation) and were not representative of all connexin 26-related hearing
impairment. While we cannot conclusively exclude the possibility that the V371 allele may
be in linkage disequilibrium with an unidentified pathogenic allele, pervious studies and the
findings reported here add further support to the argument that the V371 variant is a
pathogenic mutation and typically results in a milder hearing impairment phenotype, often
causing a mild-moderate sensorineural hearing impairment when present homozygously.

Haplotype analysis across the GJBZ locus on chromosome 13g11-12 supports an ethnic-
specific haplotype which is seen in the SNP-array genotyping of all Asian probands
homozygous for V371 and found to be compatible with all heterozygous Asian V371
probands. No controls, Asian or Caucasian, were found to have this haplotype
homozygously. This proposed haplotype found in heterozygous and homozygous V371
Asian probands was largely found to be significantly different from the genotypes of
Caucasian and Asian controls.

The genotypes found in the 35delG probands were also found to be significantly different
from those of controls. Although only eight patients were found to have this possible
haplotype homozygously, all patients, both homozygous and heterozygous, had genotypes
which were compatible with having the haplotype. Several haplotypes have been found to be
associated with specific Caucasian populations [Morell et al., 1998] although it has been
proposed that there is a common haplotype from a common founder [Kokotas H et al., 2008;
Van Laer et al., 2001]. Given the high prevalence of the 35delG mutation in European
populations and the diverse backgrounds of our Caucasian cohort of 35delG probands it is
interesting that eight of the 15 35delG homozygous patients (53.3%) are homozygous for
this block of SNPs. It is possible that a long-range haplotype could be tagging the 35delG
mutation.

The utility of SNP arrays in diagnosing copy number variants that are pathogenic and
causative of disease phenotypes has been well documented [Kamath et al., 2009; Yau and
Holmes, 2008]. Using SNP array platforms to identify disease-associated haplotypes, as in
this case for the V371 mutation and ARNSHI, is feasible and adds another utilization to the
platform in mutational screening. Haplotype analysis has proven a useful tool in uncovering
rare causal variants that have been masked by common tag SNPs, with SNP-array
genotyping data alone being successfully used to screen for the presence of pathogenic
mutations at the GJB2-GJB6 locus in a known hearing impairment cohort [Wang et al.,
2007]. This V371-specific haplotype and others like it yet to be discovered could be used
diagnostically in ARNSHI cases.
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HapMap Linkage Disequilibrium - Phase 11 - from phased genotypes

LD for the Han Chinese + Japanese from Tokyo (JPT+CHB) from phased genotypes
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200 MB region at GJB2-GJB6 locus showing high linkage disequilibrium. Positions of the
13 SNPs comprising the proposed haplotype are shown in relation to the V371 mutation.
Reference allele and the allele represented in Asian V371 probands at each SNP are shown.
SNP1 =rs9578257 (15,253 bp downstream from V371 mutation), SNP2 = rs2313475
(12,834 bp downstream), SNP3 = rs3751385 (654 bp downstream ), SNP4 = rs870729
(18,269 bp upstream), SNP5 = rs11620460 (18,549 bp upstream), SNP6 = rs1889784
(18,622 bp), SNP7 = rs6490527 (20,819 bp), SNP8 = rs7981756 (27,132 bp), SNP9 =
rs7330206 (28,574 bp), SNP10 = rs2065796 (30,259 bp), SNP11 = rs945369 (37,663 bp),
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SNP12 =rs7328044 (48,953 bp), SNP13 = rs945373 (50,949 bp). SNP14 (rs9509119;
60,433 bp upstream) is included to determine the age of the mutation.

(elements for this figure were adapted from the UCSC Genome Browser: http://
genome.ucsc.edu/)
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TABLE Il

Results of SNP analysis for 35delG probands and controls

SNP Allele | 35delG patients | Caucasian controls | Pvalue
G 70 369

rs9578257 OTHER 0 105 <0.001
G 46 135

rs2313475 OTHER 0 363 <0.001
A 50 86

rs3751385 OTHER 0 412 <0.001
A 53 123

rs870729 OTHER 0 375 <0.001
C 70 472

rs11620460 | OTHER 0 24 0.118
G 64 426

rs1889784 OTHER 6 64 0.385
G 65 287

rs6490527 OTHER 5 211 <0.001
G 60 258

rs7981756 OTHER 8 240 <0.001
A 65 438

rs7330206 OTHER 5 60 0.314
A 55 153

rs2065796 OTHER 15 333 <0.001
A 63 323

rs945369 OTHER 7 173 <0.001
A 66 271

rs7328044 OTHER 4 227 <0.001
G 60 218

rs945373 OTHER 10 280 <0.001
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