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Figure 3. The time course of the THI scores for the five cases: All patients reported a marked reduction in tinnitus after cochlear implantation.

Conclusion

Cochlear implantation for Japanese-speaking, single-sided
deafness patients resulted in improved speech perception,
increased sound localization accuracy, and reduced tinnitus
handicap. In the cases reported herein, the hearing assessment
results gradually improved over time, particularly during the
period from 6-12 months after implantation. It seems,
however, that the speech perception ability might be unstable
in the initial 1-6 months after implantation. These results
suggest that long-term follow-up and auditory training are
necessary after implantation and it is possible that CI fitting
strategies could be optimized for use in patients with SSD.
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ABSTRACT

Conclusion The results suggest that SOD1 rs4998557 could be associated with susceptibility to
SSNHL in the Japanese population. Objectives To assess the gene association with sudden
sensorineural hearing loss (SSNHL). Methods A two-stage case control study was conducted to
explore the relationship of the candidate genes to SSNHL. The 192 gene samples from SSNHL
patients registered in the intractable inner ear disease gene bank were enrolled. As the candidate
genes, 39 SNPs from 31 genes were selected for the first stage study. The second stage study
examined whether the SOD1 gene polymorphisms, defined by significant differences between
cases and controls in the first stage study, are associated with SSNHL. Results Significant
differences were observed in four SNPs from three genes, Glutathione-S-transferase pai 1 (GSTP1),
proteine kinase C heta (PRKCH), and superoxide dismutase 1 (SOD1), in terms of allele frequency
between SSNHL patients and HapMap controls. In the SOD1 gene, a significant difference was
observed in the dominant model study of the SNP rs4998557 in the second stage study.
Furthermore, as a result of dividing SSNHL patients based on the clinical data, the difference was
more apparent in the case of the over 60dB group and the tinnitus—positive group.
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Introduction

Sudden sensorineural hearing loss (SSNHL) is among the
diseases specified by the Japanese government as an ‘intractable
disease’ resulting from an unidentifiable cause and without a
clearly established treatment, and entailing a considerably high
risk of disability.

Many hypotheses have been advocated to explain the
etiology of SSNHL, including viral inflammation, ischemic
events, and autoimmune responses. However, the cause of the
pathology remains mostly unclear.

Recently, disease susceptibility genes have been identified in
common diseases, such as diabetes mellitus, bronchial asthma,
and cerebral infarction. The relevance of some genes to
SSNHL, such as MTHEFR [1,2], PRKCH [3], CFH [4], and LTA
[5], has also been reported.

We are constructing a gene bank of intractable inner ear
diseases including sudden deafness in collaboration with other
institutions associated with the Sudden Deafness Research
Committee of the Ministry of Health and Welfare, Japan.

In the present study, we examined gene associations with
SSNHL using the samples accumulated for the above-mentioned

bank. We conducted a two-stage case control study to explore
the relationship of the candidate genes with SSNHL. In the first
stage study, candidate genes reported in the past to have
relevance to sudden deafness and other diseases considered to
have related pathology were analyzed. In the second stage study,
we used another group of control samples to examine whether
the SODI gene polymorphisms, defined as those showing a
significant difference between cases and controls in the first
stage study, are associated with SSNHL.

Materials and methods
Cases

A total of 192 gene samples from SSNHL patients registered in
the intractable inner ear disease gene bank were included.

In the first stage study, 96 of the 192 gene samples were
extracted at random and analyzed. All 192 samples were used
for analysis in the second stage study. SSNHL was defined
according to criteria established by the Sudden Deafness
Research Committee of the Ministry of Health and Welfare,
Japan (1973). Details of the criteria are shown in Table 1.
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Table 1. Criteria for the diagnosis of sudden deafness.

Main symptoms
(1) Sudden onset of hearing loss; patient can say clearly when it appeared
(2) Sensorineural hearing loss, usually severe
(3) Unknown cause
Accessory symptoms
(1) May be accompanied by tinnitus
(2) May be accompanied by vertigo, nausea, and/or vomiting, without
recurrent episodes
(3) No cranial nerve symptoms other than from the eighth nerve
Definite: all of the above criteria
Probable: main symptoms 1 and 2

We performed gene association analysis using the patients’
clinical data accumulated for the gene bank. Evaluation of
hearing level was performed at 250, 500, 1000, 2000, and
4000 Hz. Data on the presence of vertigo and tinnitus was
collected by interviews.

The clinical data for the 192 cases is shown in Table 2.

Controls

As controls in the first stage study, we used the allele frequency
of the SNPs of Japanese in Tokyo from the HapMap database
[6]. Most of the data were derived from 113 individuals, and
some was from 45 individuals.

For the second stage study, we used the samples from 285
healthy adults with normal hearing from the Shinshu
University control gene samples.

Ethics statement

The study protocol for DNA sampling from the patients and
controls was reviewed and approved by the Ethics Committee
of each collaborative institution, and written informed consent
was obtained from all subjects.

SNP selection and genotyping

As the candidate genes, 39 SNPs from 31 genes were selected
for the first stage study (Table 3).

(1) 14 SNPs from 12 genes reported to be related to SSNHL in
the past were included.

(2) Since an ischemic event was conventionally considered to
be related to the etiology of SSNHL, three SNPs from three
genes reported to be associated with ischemic diseases
were also selected.

(3) Because oxidative stress is considered to be a mechanism
of inner ear injury, 13 SNPs from 13 genes related to the
oxidative stress cascade and the protection against oxida-
tive stress were analyzed.

(4) Since adrenal cortical steroid was used for medical
treatment in general, seven SNPs from five of the steroid
hormone receptor and inflammatory disorder-related
genes were included.

(5) Two SNPs from two ion and water channel genes playing
an important role in the inner ear were added to the
analysis.

The SNPs were selected mainly by referring to previous
reports. Some of the SNPs were selected from the list of SNPs/

Table 2. Clinical profiles of patients from the gene bank of intractable inner ear
disorders.

Patient number 192

Age (years) 56.4+14.4
Gender (M:F) 94:98
Affected ear (RiL) 95:97
Tinnitus (%) 86.4
Vertigo (%) 386

Initial PTA (dB) 739£223

genes available in the NCBI database and using the search
program of the LD block of the SNPs, SNP browser Software
(Applied Biosystems, Foster City, CA).

Real-time PCR wusing the Tagman probe (Applied
Biosystems) was used for the typing of gene polymorphisms,
with the reactions performed in 96-well microplates in
StepOnePlus Real-Time PCR Systems (Applied Biosystems).
Fluorescence was measured, and analyzed with System SDS
software that uses an advanced multicomponent algorithm to
calculate the distinct signal contribution of each allele of a
marker.

Statistical analysis

In the first stage study, a Chi-square test was used to compare
allele frequencies between SSNHL patients and the HapMap
database as a control. Odds ratios were calculated with 95%
confidence intervals.

A p value of less than 0.05 was considered statistically
significant.

In the second stage study, simultaneous with the analysis of
the allele frequency, we examined the effect of the minor allele
of each SNP in two genetic models, dominant and recessive.
Furthermore, the cases were divided into two groups based on
hearing level and the existence of vertigo and tinnitus, and the
same type of analysis was carried out.

Results
First stage study for the candidate genes

The call rate in SNP typing by this method was 99.4%. Hardy-
Weinberg equilibrium (HWE) was tested using the Chi-square
test and no SNPs showed significant deviation from HWE
(p<0.05). Significant differences in the allele frequencies were
observed between SSHNL patients and HapMap controls in
four SNPs from three genes among the 39 SNPs from 31 genes
tested (Table 4).

Second stage study for the SOD1 gene

Among the genes with significant differences in the first stage
study, we selected SNPs of the SODI gene for the second stage
study, because SODI was the only gene with two significantly
different SNPs between the cases and controls. The genotype
distribution of the two polymorphisms is described in Table 5.
No significant differences were found between the 192 SSNHL
patients and 285 in-house controls in terms of the allele
frequencies of the SNP rs4998557 and rs1041740. When a gene
model was assumed, a significant difference was observed in
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Table 3. Selected candidate SNPs and profiles for the first stage association study.

Gene SNPs Minor allele MAF of control (%) Function of the gene
(1) Genes reported to be associated with sudden sensorineural hearing loss
MTHFR rs1801133 T 39.0 remethylation of homocysteine to methionin
rs1801131 G 18.6
F2 152070850 C 47.7 coagulation factor 2
F5 152227244 C 18.8 coagulation factor 5
ITGB3 153851806 C 853 association for platelet activation
LTA 151041981 A 40.9 cytokine in the inflammation process (TNF-/3)
NOS3 1s1799983 T 6.8 modulating flow-mediated vasodilation
PRKCH 152230500 A 1.3 one of the protein kinase C family
ILTA 151800587 A 1.1 inflammatory cytokine
CFH rs1329423 A 48.8 regulatory protein during complement activation
rs800292 A 416
IL4R rs1801275 G 12.4 regulate IgE antibody production in B cells
ucpP2 rs660339 C 442 control of mitochondria-derived ROS
EDNT rs5370 T 26.5 one of isoforms of human endothelin
(2) Ischemic disease-related genes
APLNR rs948847 G 323 regulation of blood pressure
PDE4D 5702531 A 419 member of the phosphodiesterase
SURPINET 152227631 A 423 plasminogen activator inhibitor type 1
(3) Oxidative stress-related genes
GSTP-1 151695 G 8.8 conjugation of glutathione with xenobiotics
SoD1 s4998557 A 45.6 convert superoxide anion into H,0,
rs1041740 T 394
GPX rs1800668 A 10.2 catalyzes breakdown of H,0, to H,0 and O,
CAT 1s769217 T 49.1 catalyzes breakdown of H,0, to H,0 and O,
rs475043 G 27
GSR 153779647 T 372 reduces oxidized glutathione
rs2253409 G 14.8
rs2251780 T 18.2
GCIM rs7549683 T 21.2 glutamate-cysteine ligase modifier sub-unit
S0D2 rs4880 G 97 convert superoxide anion into H,0,
MPO 157208693 A 14.3 produces strong oxidant, hypochlorous acid
PON1 15662 T 284 hydrolyze specific oxidized lipids
(4) Steroid hormone receptors and imflammation-related genes
IL7R rs6897932 1 18.3 T-cell development
ESR1 152234693 C 42.0 estrogen receptor
rs9340799 G 16.7
NR3CT1 rs4912910 A 40.7 glucocorticoid receptor
NR3C2 152070951 G 30.5 mineralocorticoid receptor
rs5522 C 2.7
FKBP5 1s9470080 T 335 glucocorticoid upregulates FKBP5 in cochlear
(5) Inner ear receptor genes
AQP4 153763043 T 373 maintaining intracellular/extracellular water balance
KCNET rs2070358 T 385 K* ion channel

Table 4. Summary of the SNPs with significant differences in allele frequency. ~ the dominant model study of the SNP rs4998557 (p = 0.039,

MAF (%) OR=1.53, 95% CI=1.02-2.29).
Case Control
Gene SNPs (n=96) (n=113) p value OR (95% Cl)
SODT  rs4998557 57.3 456 0.017 160 (1.09-236)  Genotype distribution and clinical data analysis
rs1041740 29.7 39.4 0.038 0.65 (0.43-0.98) o . .
GSTP-1 rs1695  15.1 88 0.047 183 (1.01-334)  The cases were divided into two groups based on hearing level
PRKCH  rs2230500 154 13 1.159x 1077 1339 (5.13-3497)  (over or under 60 dB) and the existence of vertigo and tinnitus.

The distribution of genotype and allele frequencies in each sub-
group is shown in Table 6. The difference in the dominant
model study of the SNP rs4998557 was more apparent in the
Table 5. Genotype distribution of the SODT SNPs and summary of the statistical over 60dB group (p=0.008, OR=1.86, 95% CI=1.18-2.94)

analysis. and tinnitus-positive group (p=0.026, OR=1.64, 95%
Case Control p value CI=1.07-2.52). No significant differences for the SNP
Allele
SNP/Genotypes  (n=192) (n=285) frequency Dominant Recessive rs1041740 were found.
54998557
GG 40 62
GA 89 154 0.148 0.039 0.809 Discussion
AA 63 69
’51331740 - — Although the etiology of SSNHL is unclear, it is considered to
T 66 119 0336 0.801 0156 be a multifactorial disease, possibly caused by interactions

il 23 32 between genetic and environmental factors. Several recent
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Table 6. Genotype distribution and clinical data.

Genotype p value
Allele
14998557 GG GA AA frequency Dominant Recessive
Initial PTA 60 dB> 9 24 10 0991 0.891 0.903
60dB< 25 49 44 0.077 0.008 0.897
Tinnitus positive 32 69 53  0.113 0.023 0.812
negative 4 14 3 0.652 0.301 0.771
Vertigo positive 14 34 20 0504 0.375 0.833
negative 20 48 33  0.203 0.097 0.68
rs1041740 cc a T
Initial PTA  60dB> 17 20 6 0.347 0.603 0.359
60dB< 67 38 13 0.162 0.951 0.074
Tinnitus positive 83 52 18  0.307 0.866 0.149
negative 10 8 3 0.869 0.671 0.957
Vertigo positive 28 24 7 0.983 0.888 0.951
negative 54 36 12 0477 0.884 0.304

studies have reported associations between polymorphisms in
the genes of some patients with SSNHL. One of these includes
polymorphisms in  methylenetetrahydrofolate reductase
(MTHFR) C677T [1,2]. Genetic linkage data for SSNHL are
limited in Japan because the number of samples is limited in
each research institution. For this study, we used samples from
the gene bank collected from many institutions in Japan, the
largest number of SSNHL case samples available to date.

First, we investigated the association between SSNHL and
the 31 candidate genes. As a result of the first stage study,
significant differences in allele frequency were observed in four
SNPs from three genes, Glutathione-S-transferase pai 1
(GSTPI), proteine kinase C heta (PRKCH), and superoxide
dismutase 1 (SODI), between SSHNL patients and HapMap
controls.

Glutathione-S-transferase (GST) enzymes catalyze the con-
jugation of glutathione to xenobiotic substrates and other
compounds for the purpose of detoxification. This detoxifica-
tion reaction involving glutathione is considered to play an
important role in oxidative stress response, preventing damage
to the cochlea caused by reactive oxygen species. GSTP1I is one
of the gene classes of GST and is most prominent in the inner
ear of the rat [7]. The polymorphisms of other classes of GST,
GSTM1 and GSTTI, have been reported to be associated with
the risk of SSNHL, but the frequencies in GSTMI and GSTT1
null genotypes did not differ from those of control subjects [8].

Protein kinase C (PKC) is a serine-threonine kinase that
regulates a wide variety of important cellular functions
including proliferation, differentiation and apoptosis. PKCs
are classified into various isoforms, and PRKCH is one of the
novel PKC isoforms [9]. The PRKCH gene has been recently
reported as a susceptible risk locus for enzyme cerebral
infarction in Asians [10]. Also, the same SNP of PRKCH has
been reported to have an association with SSNHL [3]. The
results of those studies may indicate an underlying vascular
pathogenesis of SSNHL.

SOD is an antioxidant enzyme that changes superoxide
anions into oxygen and hydrogen peroxide. In the inner ear, it
is known to have high activity comparable to that in the central
nervous systems, such as the brain stem and cerebellum [11].
Moreover, SOD localizes widely in the cochlea, including the
spiral ligament, stria vascuralis, spiral ganglion cell, and Organ
of corti [12]. The absence of SODI resulted in hearing loss at

an earlier age than in wild-type mice in a uniform B6 strain
background [13]. A series of previous studies have evaluated
the association between SNPs of SOD genes and susceptibility
to noise-induced hearing loss [14-16]. There were statistically
significant associations between some SOD1 SNPs and noise-
induced hearing loss in Chinese workers [14]; however, no
significant association was found in a Swedish population [15].
Concerning allele frequencies of SODI gene polymorphisms,
there are large race-specific differences. For example, for the
SNP rs4998557, minor allele frequency is ~10% in Europeans,
while it is ~45% in Japanese. So SOD1 gene polymorphisms
may contribute to inner ear pathology of such noise-induced
hearing loss in Asian populations. Fortunato et al. [16]
reported the association between SOD2 gene polymorphisms,
other type of SOD, and noise-induced hearing loss. The SOD2
enzyme may also be involved in inner ear protection from
noise-induced damage.

There have been a limited number of reports on the
association between SSNHL and genetic polymorphisms of
antioxidant enzymes including SOD. Teranishi et al. [17]
previously reported the effects of polymorphisms in genes
involved in oxidative stress response, SOD2, PON1, PON2,
and GPX1, on the risk of susceptibility to SSNHL and
Meéniere’s disease, but SOD1 gene polymorphisms were not
involved in the study. Also in our study, no significant
associations were observed between the risk of SSNHL and
gene polymorphisms of SOD2, PON, or GPX.

In the SODI gene, a significant difference was observed in
the dominant model study of the SNP rs4998557 in the second
stage study. Furthermore, as a result of dividing SSNHL
patients based on their clinical data, the difference in the
dominant model study of the SNP rs4998557 was more
apparent in the over 60dB group and the tinnitus—positive
group. The association of Matrix Metalloproteinase-1 gene
polymorphism with SSNHL has previously been shown in
tinnitus—positive patients [18]. Also, regarding the relation of
gene polymorphism of complement factor H with SSNHL, a
higher relevance was observed in the SSNHL patients with
diabetes mellitus as a complication [4]. Furthermore, a higher
frequency of the minor allele of the PON1 polymorphism was
observed in SSNHL cases with good recovery compared to
those with poor recovery [17]. Potential etiologies of SSNHL
may include various factors, so dividing patients based on their
clinical data can lead to results the better reflects the
pathogenesis for each group of SSNHL patients.

Although some of the candidate genes such as MTHFR
[1,2], CFH [4], and LTA [5] had been reported to have a
relation with SSHNL in the past, we failed to find any
significant association between the SNPs of those reported
genes and SSNHL.

MTHEFR is an enzyme involved in the re-methylation of
homocysteine to methionine.

The SNP (rs1801133) of MTHFR is the most common
genetic cause of hyperhomocysteinemia [19], which is believed
to promote atherosclerosis and atherothrombosis as risk
factors for macroangiopathies and microvessel disease [20].
The association between SSNHL and the SNP of MTHFR has
been reported among various populations [1,2]. In a report
from Italy, the frequency of the T allele in controls was as low
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as 30.5% [1]. There is a statistically significant difference in the
allele frequencies between SSNHL patients in the present study
and the controls in the Italian study. In a previous report from
Japan, although there was a large control of 2000 or more
subjects, the prevalence of SSNHL was based on self-reporting
and the number in the SSNHL group was only ~30 [2]. With
this small number of samples, there is a problem in power of
statistical analysis, but with the addition of our samples it can
be considered to be suitable for further analysis.

Some limitations to the present study should be considered
when interpreting its findings. Although a two stage study was
carried out, the SSNHL cases in the second stage study were
not independent of the cases in the first stage, so this study did
not serve as a form of perfect replication study, but was a
combined study in design. We need to register more SSNHL
patients for this gene bank, and further studies are needed to
investigate the association with genetic factors in SSNHL.

Conclusion

The present study has demonstrated a significant association
between GSTPI, PRKCH, and SODI gene polymorphisms, and
SSNHL in the first stage, and one SODI gene was observed to
have a significant difference in the dominant model of the SNP
rs4998557 in the second stage. Furthermore, as a result of
dividing SSHNL patients based on their clinical data, the
difference in the dominant model study of the SNP rs4998557
was more apparent in the over 60 dB group and the tinnitus-
positive group. Although potential etiologies of SSNHL may
include various factors, in the majority of cases the cause is
unclear. Therefore, a gene association study approach together
with dividing patients based on their clinical data led to a result
that better reflects the pathogenesis of SSNHL patients.
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KKYBEA ML ADREEROEDERD>TEE. SREDRIRBERAETOIZLICKYR

WRER" RERWH™ FhXE-

EDOX D ALBRAPFENS.

M BETE (idiopathic sudden sensorineural hearing loss), &G (gene), HE

FEE (multifactorial disease), E{EABBIAZI (gene association study)
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¥, RHYEE, ©r 38N, BSRTRERE
&, NEREBREERD L ARG X 5 498
il % HE L7 B T DN Tn B2, 57
ADECRYRI R BRI EEHEL LTy wikin
Thb ZOBERO—oE LT, EREHREL W
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Yeo SW et al. Acta Otolaryngol 2000 35 206
Yeo SW et al. Arch Otolaryngol Head Neck Surg 2001 41 206
Rudack C et al. Hear Res 2004 85 85
Capaccio P et al. Genet Med 2005 45 135
Gorir K et al. Otol Neurotol 2005 46 95
Fatini C et al. Clin App! Thromb Hemost 2005 80 80
Nam Sl et al. Life Sci 2006 97 614
Capaccio P et al. Am J Otolaryngol 2005 67 134
Amor-Dorado JC et al. Acta Otolaryngol 2006 33 145
Rudack C et al. Thromb Haemost 2006 142 84
Gross M et al. Audiol Neurootol 2006 81 264
Cadoni G et al. Otol Neurootol 2006 80 80
Capaccio P et al. Laryngoscope 2007 100 200
Ballesteros F Audiol Neurootol 2009 99
Um JY et al. Clin Appl Thromb Hemost 2010 97 587
Uchida Y et al. Laryngoscope 2010 33 2141
Lee EJ et al. J Laryngol Otol. 2010 33 68
Mosnier | et al. Audiol Neurootol 2011 96 179
Fusconi M et al. Audiol Neurootol 2011 40 120
Nam Si et al. Laryngoscope 2011 99 530
Furuta T et al. Int J Immunogenet 2011 68 2202
Lan MY et al. Eur Arch Otorhinolaryngol 2011 24 36
Um JY et al. Otol Neurootol 2011
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HLA-DRB1 * 14 O
HLA-DRBI %04 X
HLA-DRBI *14 X
GP la c.807C>T O
MTHFR cB7IC>T X
MTHFR c677C>T O
MTHFR c.1298A>C @)
FV Leiden O |Oddskb:2.08
NOS3 c.8%4G>T O |oddstt : 2 .81
NOS3 c.-786T>C x |
L4 p.Q576R O | Oddsk :2.58(CI 95%, 1.84-3.60)
MTHFR c.671C>T O
C.1298A>C @)
HLA-DRBI %0403 O | Oddstt: 11.97(Cl 95%, 1.99-91.60)
HLA-DRBI *04
GP la c.807C>T O |BEHPVRIT7I8—
MTHFR cB677C>T X
MTHFR c.1298A>C X
MTR c.2756A>G O
GSTM!1 X
GSTTI X
MTHFR cB77C>T O
Fll €.20210G>A O | REVAFAY - ALATA—N - 74TV /) =5V EE/ERIEE
Gly lla Al/A2 0
FV Leiden O
FV Leiden X
TNF-a ¢.-308G>A X
TNF- C.252A>G O | Odds k : 1.534(Cl 95%, 1.12-2.10) !
MTHFR c671C>T O | Oddst:1.687(Cl 95%, 1.023-2.780)
MTHFR cB77C>T X
£ v Leiden x | BUE EREEBRORKEARES). BACERBEROUZST7Y
Fll €.20210G>A X
MTHFR c677C>T O
FV Leiden X
Fll €.20210G>A X
MMP1 ¢.~1607insG O
IL1A rs1800587 O | Odds kb : 25.89(Ct 95%. 12.19-54.98)
IL1B rs16944 X
FV Leiden X
Fll €.20210G>A X
GSTM1 X
GSTTI X
P450 X
IL6 c.-572C>G O | Odds k1 1.734(C1 95%. 1.080-2. 783)
IL4R c.1902G>A %
IL10 | c.-692A>C X
TNF-a ¢.-863C>A X
TNFRSF1B ¢593G>A X
VEGF c936C>T | X
VEGF .- | c~2578C>A X
VEGF Jo-1154G>A | X L R '
PRKCH |c1424G>A | O |Oddstt:1.770(Cl 95%. 1.024-3.060)
CHF p.Y402H O | Odds kb @ 1.820(Cl 95%, 1.025-3.232)
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Fusconi M et al. Int J Audiol 2012 49 210
Ballesteros F et al. Audiol Neuroatol 2012 118 161
Um JY et al. Immunophalmacol Immunotoxicol 2013 102 595
Teranishi M et al. Free Radic Res 2013 83 2048
Nishio N et al. Life Sci 2013 85 : 2136
Uchida Y et al. Laryngoscope 2013 72 2159
Liu B et al. Zhonghua Er Bi Yan Hou Tou Jing Wai Ke Za Zhi 2013 735 1230
Cadoni G et al. Laryngoscope 2015 87 107
Castiglione A et al. BioMed Res Int 2015 200 400

RFTHHEVEF(Ia7 7L 1) ¥)D Lei-
den ZE 5 (p. R509Q) (2§ 2 T A% {fT7hbh T
Wh. EVETFO Leiden 2213, #IRIMAZER
FEDNVAZ 77275 —=ThHhbILIREINTSE
D, a—sv4 FHEHESEDONIERT
H5H., REEHEL EVET Leiden ZRICHL
THEHRASTF) VADHERTIFEELRHD, &£
RUMBED IRy 777 ¥ —THhbH I LHITREE
NTwa, LLiAS, BRAHIIBWTIEE
BIRLGEERTHH2D, LeidenTRODA TS
RUMRBEORHZHAT L L IAEETHS. £
fo, 7Rbu EYBEIERT)Oc 2021G>A %
B2 L COMBITbR T DA, 225 HHERN
BEBLaV M- VEBOBOFEEZASYTF
Y 2ADRBRIIBATHREICI YV RLR B0

B TRES AT R, iR mER
FL LTHMED 25— 57 Vi RISICHEE T 5
yyasusA4rCHsbHGP la/la, ITGB3
(Gly Ha) BEFLEICHT M LITbRTE
D, RREUEREE OMEARE SN TS,
72, BIMELRERICES T35 —BRba%
EHEEFE TH D eNOS(NOS3) DL H c. 894G>T
PEBUHBER BV THERCERETHL L
FRESNTWEI LI M6 L, AFEREED
M5 AR EN T2,
Eo2Fk, AFLUF I FOERRTE
#THDH MTHFR EBIZT O . 67T7C>T %8,
1298A>C SR L = E MR O B EIC B LT <
BEH SN TWA, c. 677C>T £RIAF LY F b
Se FuEBBRTREORIEEME 2B AR (CC
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GPX rs1050450 x
PON1 rs662 X

PONt rsB54560 X

PON2 rs7493 X

SOD2 154880 X

HSPT0 rs2075800 O | Oddstt : 0.59(P=0.019)

MTHFR c.Ce77T O | KREVATAUEE

ITGB3 rs5918 %

ITGA2 151126643 O

iL1B c.-511C>T O | Oddskk :9.111(Cl 95%, 1.441-57.618 : P=0.022)
IL1B €.3953C>T O

MTR rs1805087 X

MTRR rs1801394 X

NOS3 rs1799983 O | Odds k@ 2.108(CI, 1.343-3.309)

Cavi rs3840634 X | AZI-NRTHEER

MTNRIB rs1387153 X

NADH/NADPHp22phox | rs4673 X

MT5178 1528357984 X

AQP4 rs2075575 X

AQP5 153736309 X | AZI—NETHEE

ERat 152234693 X

ERa2 159340799 X

EDN1 p.K198N O | Odds kb : 2.209(Cl 95%, 1.140-4.281)

F il €.20210G>A O |9BMIDALTFTFUTA,/Odds I 1 1.79(C1 95% 1.06-3.01 ; P=0.03)
MCP1 c.2518A>G X

E-secretin p.S128R X

e c174C>G O

FPN1 o c.-8C>G O | Oddstt:4.27(Cl95%, 2.65-6.89 : P=0.001)
TF p.P570S X

HFE p.H63D X

HFE p.C282Y X

HEPC c.-582A>G X
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AFF v RBRET SE, FEVAFAL VHTA
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A LB, LDLaVvAFu— ok 5]
X, BELDLid~Zuvr—Yilck
HMENDY, BILLDL XL WEEICiivsa
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WRBHBEBEMANCSZSRBDLATBY,

MTHFR B2 FOBEEETICLD, REVATA
Y OWEMEN U RS HESEEDY R 2 7 72
Yo TWA I EARIEBIN TS, EBICZ,
BV AZ 777 ¥—E LT, EEERERE
BBV T, EEBEME FEYATFA VEEIER
BEINTWEZ L) b, MTHFR BizF0HS5
PR S Tn5B,

REMBBOBREINIRAIT 7o 42—
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EVREMBIRECZ LD E LB
&, Y YSROBREIHT LT LI X D RIER
BOBETHICES T2 X RESNTSBY, &
BHLAEREDOALZ LT, WETORREES
B EEALCRESREZ X2 THR L
ZoTWAIREEIEZ b b,

P, EES L ORBRELLEEBRELOMN
HOPSZEME SN TBY, NEREICELTY,
IMERICB W CEERBRRIC L 2 FEMRORE
2, B - BHEMEDIC X AREREAOBS )
WEESNTYS. T, WEC X 2 NEHEEEE
DIz EHHRESH TS, S5 BIEH
OGN T H L-NEREEICH T 5 R LR
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HELTWLIe2ERFTAbNEEILNS. &
72, BORAREVATFA VOBIMCL T EEBE S
NAZWHRWLIZBWTHLDL A VAFU—ILD
BibE A LRSS RENTE Y, BiERkE
ELZOWETIEELRRTFERoTWHLEELD
h5.

LA b L AMMEREETFE LTI, GSTMI,
GSTTI1, GPX, PONI, PON2, SOD2 ®&izF
ZRNCH U TREMM TR Twa ), BAET T
BEZPHROLBETEIRESL TRV, EH
ik, B4R EIIEREE R BRI E %
(Bt mEEIc B4 2 WApel HomEo—
BEUT, RN SEEREEOBRELHS
PCTHEMT, By ey vERHvCig
DOBEALY 2 WE L7z, TR, Rt uEE
FICIZBBER OB THBEA ML ABRERIC

B, EHMRERILA ML ARBOTREI S
HOEEERIZLTWATHENE NS h, &
BRI OBRALR F LA L BRAR L OB IL B
RO O, BENEETFNTART L 25T
ML E 2 b7z, WEHREOBILA LV ABEILD
WL TARERT & i U CIRT S A 2 s 7.
Lo LiGFENE L ERBEOBEA F L AEDEIC
WHEERRES RO o2 & Rl L
L%,

51, FRAHLKERBCHTZ7 Fu—FL
UCRBEHEREE 2R, IAENERED
BIEFNy77uvcs b LT, ARk
WSS A PAENIGRIE - AR T A
BFZEBE & DIFBIZE &\ 9 TR IE MG 0
BB L UORETY Y IVONEER T 7. Al
BEFAYZICER SR Y 7 VEN 250 105&
U, 2RUHEREOBETF Y7L TE, H#
RCbBAFBEONY 2 EEZONB, Ny
BRENLY V7 VO—EB (525 MM 96
%) R R UBEMRETHBEET 2170 2. I8
2o RBETE LTIE, BEICEEEMETE B
WY B LHESNTVLBETF MTHFR %
PRKCH 2 &), HmitEEBICHEET S LI
HENTWBBIET (AGTRLI : HRANORHTZE
MAEET 2 E), BILA bV ABEORET
(GSTPI ®# SOD1/2% &), A5uad FhRuEY
ZARARJEERBICHE L 2 E8ETF (WR3CI
(FvaandFasf FEZEHR)R ESR 2 E)ICH
L THET %47 o 72 (Kitoh et al. $FaH).

FD#E SODI, PRKCH, GSTPI #{zFi2T
TUNEECHAEEEZZ2EO. —F, BFIIER
WL oBEIHE Sh T/ MTHFR,
NOS3, LTA BIZF R ETIIEZED LD o7z,
37, FEEORD SNLBETFENRIC, B
SHRAEFIBE 192 PlICHIRT L & IS, Bk
TIELAEHEE CEBERES O HRB O
HEORWVWEAT Y b u— (285 §l) & OB CHE
7ol 25, SODI #HIEF D rsd998557 £ Bl
KOV TESRRIZEFNVTEEEZRED:. 20
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Abstract

Objective: The mutation spectrum of the GJB2 and SLC26A4 genes, the 2 most common genes causing deafness, are known
to be ethnic specific. In this study, the spectrum of the reported GJB2 and SLC26A4 mutations in different populations are
reviewed and considered from a human migration perspective.

Methods: Fifty-two and |7 articles on GJB2 and SLC26A4 mutations, respectively, were reviewed through the PubMed
database from April 1996 to September 2014. The 4 most prevalent mutations were selected and compared. A cluster
analysis was subsequently performed for these selected mutations.

Results: The present review of frequent mutations shows the ethnic-specific GJB2 and SLC26A4 gene mutation spectrum.
A cluster analysis of the GJB2 and SLC26A4 genes revealed similarities between ethnic populations.

Conclusion: The mutation spectrum reviewed in this study clearly indicated that the frequent mutations in the GJB2 and
SLC26A4 genes are consistent with the founder mutation hypothesis. A comparison with the Y-chromosome phylogenetic

tree indicated that these mutations may have occurred during human migration.

Keywords

GJB2, SLC26A4, mutation spectrum, c.35delG, c.235delC, p.H723R, Y-chromosome

Introduction

Hereditary hearing loss affects approximately 1 in 1000
infants in developed countries, and genetic causes account
for at least 50% of all childhood hearing loss." Mutations in
the GJB2 gene are the most common genetic cause of both
congenital and hereditary hearing loss worldwide. A series of
studies has demonstrated that 15% to 25% of patients with
congenital hearing loss have a GJB2 mutation.”” To date,
more than 100 GJB2 variations have been reported (see the
Connexin-deafness homepage: davinci.crg.es/deathess/), and
hearing loss ranges from mild to profound according to geno-
type differences; therefore, genotype-phenotype correlations
are well documented, and this type of hearing loss is thought
to be nonprogressive. The detailed audiologic features,
including genotype-phenotype correlations and progression
in patients with these mutations, have been well studied.*®
Mutations in the SLC26A44 gene are thought to be the sec-
ond most common cause of inherited hearing loss. Based on
our genetic screening, SLC26A44 is the second most common
responsible gene in Japanese patients with deafness.
Mutations in the SLC2644 gene are responsible for a broad
phenotypic spectrum, from typical Pendred syndrome to
nonsyndromic hearing loss (NSHL) with an enlarged vestib-
ular aqueduct (EVA). The prevalent association of SLC2644

mutations with EVA in these patients (93% in Pendred syn-
drome and 77% in NSHL with EVA) indicates the impor-
tance of this gene in the pathophysiology of this category of
hearing impairment,” and more than 160 mutations have been
found in SLC2644 (Pendred/BOR homepage: http://www.
healthcare.uiowa.edu/labs/pendredandbor/).

The GJB2 and SLC26A4 gene mutation spectrum is eth-
nic specific. Ethnic background should be considered when
performing genetic testing. Thus, knowledge of ethnic and
regional differences in the GJB2 and SLC2644 mutation
spectrum could help guide genetic testing and assist in clini-
cal decision making. In this study, we reviewed the spec-
trum of GJB2 and SLC26A44 mutated alleles worldwide.

The frequencies of the GJB2 and SLC2644 gene muta-
tions can be considered through the footprints of human
migration. A cluster analysis of the 4 most frequent mutations
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was performed to speculate about the origins of the prevalent
GJB2 and SLC2644 mutations and to compare them to a phy-
logenetic tree of the Y-chromosomal haplogroups.

Methods

Literature Search

The PubMed database was searched for the period from
April 1996 to September 2014. The following keywords
were used to identify all studies on hearing loss: “GJB2” or
“connexin26” and “SLC26A44” or “Pendred syndrome.”

A total of 1634 and 695 articles were identified that dis-
cussed the GB2 and SLC2644 mutations, respectively.

Inclusion Criteria

Titles and abstracts were screened, and 240 articles about
GJB2 and 125 about SLC26A44 were chosen for a full-length
review according to the following criteria.

1. The article was published in a peer-reviewed journal
in the English language.

2. The prevalence of the GJB2 and SLC2644 mutation
alleles among all individuals with sensorineural
hearing loss was used.

3. All exons and frank regions of all hearing loss pro-
bands were sequenced.

When several prevalence studies were from the same coun-
try, those articles thought to have the largest number of
mutated alleles were chosen; thus, 52 GJ/B2 and 17 SLC2644
reports were included in this study.

4. The 4 most frequent variants were selected and are
summarized in Table 1 and Figure 1 (for G/B2), and
Table 2 and Figure 2 (for SLC2644).

Cluster Analysis

A cluster analysis was performed to identify the similarities
between ethnic populations. Allele frequencies for each
selected variant in the ethnic populations were standardized
to a z-score prior to the cluster analysis. After standardiza-
tion, the cluster analysis was performed by calculating the
Euclidean distance and using Ward’s clustering method. All
cluster analyses were performed with R version 3.1.2 and
the heatmap.3 program including the plug-in package GMD
version 0.3.3 (http://CRAN.R-project.org/package=GMD).

Results and Discussion

Frequent GJB2 Mutations

The prevalence of the GJB2 mutation is summarized in
Table 1 and Figure 1.

The ¢.35delG mutation was the most prevalent among the
GJB2 variants. ¢.35delG was predominant throughout
Europe, the Middle East, North Africa, North and South
America, and Australia. The frequencies of the c.35delC
mutation had ranges of 71.1% to 100%, 68.6% to 93.8%,
50% to 84.2%, 51.3% to 100%, and 38% in Europe, North
Africa, the Middle East, North and South America, and
Australia, respectively. ¢.35delG frequency in Europe was
higher than that in other regions around the world with a
predominance of the ¢.35de/C mutation.

The ¢.235delC and p.V371 mutations were most preva-
lent in East and Southeast Asia, ¢.235del/C was predomi-
nant in East Asia (range, 51.9%-66%), and p.V37I was
predominant in Southeast Asia including Taiwan (range,
52.9%-88%).

The p.W24X mutation was the most prevalent allele in
South Asia (range, 40%-67.2%), and other specific popula-
tions were characterized by other mutations, that is, ¢.167delT
in Israel, p.R143W in Ghana, ¢.-23+1G>A in Mongolia, and
p.S199F in Colombia. The second most prevalent alleles in
each country showed a pattern. The ¢.235de/C mutation was
common in Mongolia and Thailand. The p.V371 mutation was
the second most prevalent in Japan (16.6%), China (20.4%),
and some regions of Africa (2%-8.6%). The p.M34T, p.L90P,
and c¢.313_326de/14bp mutations were prevalent in the
Caucasianpopulation,andthec.167de/Tandc.257 259delCGC
mutations were the second most prevalent in the Middle East,
whereas ¢.-23+1G>A and p.W77X mutations were the second
most prevalent in South Asia.

GJB2 Mutation Cluster Analysis

We performed a cluster analysis of the GJB2 mutated allele
frequencies in each ethnic population shown in Table 1 by
calculating the Euclidean distance and using Ward’s cluster-
ing method (Figure 3).

The Japanese, Korean, and Chinese populations, which
were characterized by the ¢.235delC and ¢.299 300delAT
mutations, were grouped into 1 cluster, and the Mongolian
population, characterized by the c.-23+1G>A mutation,
was located outside the Japanese—Chinese cluster. This
result clearly indicates the similarities in the genetic back-
grounds of the Japanese, Chinese, and Korean populations.
The Mongolian population carried a slightly different
genetic background; however, it resembled those of the
Japanese—Chinese cluster to some extent. The Thai,
Taiwanese, Malaysian, and Indonesian populations were
characterized by the p.V37I and p.R32H mutations and
were grouped into 1 cluster. The Bangladeshi, Indian, and
Pakistani populations, which were characterized by the
p-W24X and p.W77X mutations, were also grouped into 1
cluster. Just outside of the above clusters, there were the
Ghanan and Israeli populations, with the p.R143W and
c.167delT mutations. All of these populations were orga-
nized into 1 large cluster.
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Table I. The Spectrum of GJB2 Mutant Alleles.

Variant Alleles, No. (%)

No. of
No.of Mutant
Screened  GJB2 €23+ €313_326 €257_259 ¢299_300 I71_191 p.GASE €333.334 €290 <269 cSidel 257259 €294.295
Country  Patients Alleles c35deiG  pV37l c235deiC pW24X c.167delT IG>A pRI43W pSI9F pM3AT delldbp pLIOP deiCGC  delAT pWI7X dellébp YI136X pEATX pRIG4P pRIZH pWITR  delAA insT  12insA pVBAL pMIV pVISM pl203K delCGC pM34L delGA  Others References
East Asia
Japan 1343 283 0(0)  47(166) 147(519) 0(0) 0(0) 0(Q) I8(63) 0(® 0@ 0(© 0@ 0@ 1@ 000 I5(53) 34(12) 0O 0@ 0(0 0@ 0(® 0@ 0@ 00 0@ 0@ 0@ 00 0(® 0@ 0(0)  I8(63) Tsukadaetal 2010*
China 2063 899 10(LI) 183(204)509(566) 0() 0@ 0@ 00 0@ 0@Q @) 0@ 0@ 821 0@ 3134 00 (@) 0@ 0© 00 00 0@ 0@ 0@ 0@ 0@ 0@ 0@© 0@ 0@ 0@ 5 (56 Daietal 2009
Korea 174 a7 0 1@l) 31(66) 0@ 0@ 0@ 485 0@ 00 0@ 0 0@ 6(128 0@ 0@ 0@ 0(0 0() 0@ 0@© 0@ 0(@ 0@ 0@ 0@ 0@ 0@ 0@© 00 0© 0@  5(l0.6)Shin etal, 2012°
Taiwan 1017 209 0(0) 184(83) 25(22) 0() 0(0) 00 00 00 0(© 0@© 0@ 0@ 0© 00O 0@ 00 00 0(Q 0@ 0@ 00 0@ 0@ 00 0@ 0@ 0@ 0@© 0@ 0@ 00  0(0) Wuetal, 201’
Central Asia 0(0)
Mongolia 534 77 225 6(77) 1605 0(0) 0(0) 42(38) 1(13) 00 0@ 1(13) 0@ 0@ 4 00 0@ 0@ 0@ 0@ 0@ 0@ 0@ 0@ 0@ 00 0@ 0@© 0@ 0©0 00 0@ 0(0)  4(5I) Tekinecal2010°
Southeast Asia 0(0)
Indonesia 120 6 00 4(667) 0(0) 0(Q) 0@ 00 0 00 0@ 0@© 0 0@ 0@ 00 0@ 0@ 00 0@ 234 00 0@ 0@ 0@ 0@ 0© 0@ 0@ 00 00 0(© 00  0(0) Snoeckxetal,2005'"
Malaysia 91 17 0 9(529) 0(0) 4(235 0() 00 0@ 0@© 0@ 0@ 0© 0@ 00 00 00 00 00 0(0) 2(11.80(0 00 0@ 0@ 00 0@ 0(© 0@ 0@ 159 0@ (3 0(0) Zanaletal2012"
Thailand 166 200 FEL) 10099 367 00 00 0@ 0O 0@ 0© 0@ 0@ 0@ 0@ 0@ 00 00 00 00O 00 0@ 00 00 00 00 00 0@ 0@ (8 (18 0©  0(0 Wansiichigoon
etal, 2004'
South Asia 0(0)
India 303 0 0() 0(0) 2(33) 52(@67) 1(17) 30 0(® 00 00 0@© 0(® 0@ 0@ 2(33) 0@ 0@ 0( 0@ 0@ 0@© 0@ 0@ 0(© 0@ 0@ 0@ 0@ 00 00 0(© 00  0(0) Padmaetal2009"
Pakistan 196 % 0(0) 0(0) 0(0) 10(400) 2(80) 0(0) 0(0) 0(0) 0(©0) 0@ I(40) 2(80) 0(0) 10(400) 0@ 0@ 0@ 0@© 0@ 0@ 0@ 0@ 0© 0@ 0@ 0© 0(© 0@ 00 0@ 0@  0(0) Santoseral 2005"
Banghdesh 53 % 0() 0(0) 0(0 14(500) 0(0) 50192 0(0) 0@ 00 0@ 0@ 0@ 0@ 2@ 0@ 0@ 0@ 0@ 0@ 0@ 0@ 0@ 0@ 00 0@ 30073007 0© 0@ 0@ 0(0) 1 (3.6) Bajaj ecal, 2008
Oceania 0(0)
Australia 364 142 54(3803) 21(148) 2(14) 48 3@I) S35 1(07) 0(0) 23(163) 0(0) 2(l4 00 2(4 0@ 0@© 0 (07 00 0@ 107 0@ 0@ 3@H00O 0@ 107 00 00 0@ 0@ 0(0)  20(I4l)Dahlecal, 2013”7
Middle East
Iran 2322 802 547(689) 2(02) 1 (01) 31 (39) 16(2) 38(48) 709 00 0(Q) 3038 (1) 3949 8(10) 304 00 00 2(02)18(22) 2025 @) 0(0) 0@ 0@ 0@ 0@ (@) 0@ 0@Q 0 0@ 00  45(109) Ba;znzzzzmn etal,
By
Israel 230 9% 38(388 1(L0) 00  1(l0) 45(459) 1(1.0) 0(0) 0(Q 0@ 00 4@ 0@ 0(© 0@ 0@ 0@ 0@ 0@ (0 00 0@ 0@ 0@ 72 0@© 0@ 0@© 00 00 0@ 0(0  0(0) Brownsteinetal,2009"”
Turkey 406 184 I55(842) 0(0) 0(0 2(L) 0(0) 949 105 0@ 0@Q) 105 0(0) 11(60) 105 00 0 0@ 0@ 0@ 0@ 00 105 0@ 0@ 0@© 0@ 0@ 0@ 00 0@ 0@ 0(0)  3(L5) Tekin etal 2007
Saudi Arabia 130 8 43500 00 0(© 0@ 00 00 00 00 00 0@ 0@ 0@ 0@Q 00 0@ 0@ 0@ 0(@ 2(5 225 0@ 0@ 00 00 0@ 0© 0© 00 0@© 0@ 0@  0(0) Imeazecal 201"
Kuwait 100 20 18860 0@ 00 0@ 304 00 0@ 00 00 0@ 0@© 0@ 00 0@ 0@ 00 0@ 0@ 0( 0@ 0(0 0@ 0@ 0@ 0@ 0@ 0@ 0@© 0@ 0@ 0(0)  0(0) A-Sebei ecal 20142
Syria 50 43 36@L) 0@ 00 0@ 50116 00 00O 00 247 0@ 00 0 0@ 0@ 0 00 0@ 0( 0@ 00 0(0 0@ 0@ 0@ 0@ 0@ 0@ 0@ 0@ 00 00  0(0) A-Achkaretal20lI?
Europe 0(0)
Russia 16 15 11(733) 0@  1(33) 0@ 0@Q 00 0@ 00 0@ 2(6€ 00 0@ 0@ 00 0@ 00 0@ 0@ 0@ 00 0@ 0@ 0@ 0@ 0@ 0@ 0@ 00 0@ 0@ 0() 1 (3.3) Posukh et al, 2005
Slovakia 73 171 12(713)  6(35) 0(0) U588 3(18) 3(18) 0@ 00 635 0(0) 4@23) 0@ 00 00 00 00 1(06 00 0@ 0() 1(06) 0() 0() 0(0) 0@ 0(© 0@ 0@ 0@© 0@ 0() 10 Minarik et al, 2012%
Belarus 241 437 397(930) 0(0) 5(12) 0(0) (4 00 0 0@ 0@ 27(63) 0(Q 0@ 0@ 00 0@ 0(0 0@ 0@ 0@ 0@ 0@ 0@ 0@ 0@ 0@ 0@ 0@© 00O 0@ 0@ 00 2(0.5) Danilenko etal, 2012*
Estonia 390 200 173(824) 0(0) 0@ 0@ 1(05) 0(0) S(24 0(0) 27(129 2(10) ((@5) 0(@©) 0@ 0@ 0@ 0@ (05 0© 0@ 0(@© 0@ 0@ 0@ 0@ 0@ 0@ 0@ 0@ 0@ 0@ 0@  0(0) Teeketal 20107
Poland 102 82 73878 0( 00 0@ 0@ 00 0@ 00 (2 6@Z3) 00 0@ 0@ 0@ 0@ 00 0@ (4 0@ 0@ 0@ 0@ 0@ 00 0@ 0@ 0@ 00 0@ 0@ 00 1(14) W;ozg:z;mkl etal,
Croatia 58 51 41804 2039 00 10O 00 @0 0 00 00 0© 369 0@ 0@ 0@ 0@ 0@ (18 00 0@ 0@ 0@ 0@ 0@ 00 0@ 0@ 0@ 0@ 0@ 0@ 00  0(0) Snsovietal 2009”
Czech 156 134 111828 00 00 1307 00 00 00 00 00 537 207 1(3) 00 00 00 00 0@ 0@ 0@ 00 0@ 00 0@ 00 0@ 0© 0@© 0© 00 0@ 0  2(I) Seeman etal 2004*
Bulgaria 51 47 450956) 0 00 102 0@ 0© 0 00 00 0@ 102 0@ 00 00 0@ 00 0@ 0@ 00 0@ 0@ 0@ 0() 0@ 0@ 0@ 0@© 0@ 0(0 0@ 00  0(0) Popovaetal2012"
Romania 4 40 32(800) 0() 0(0) 2(50) 0() 0@ 00 00 00 250 0(© @5 (@25 000 0@ 0@ 0(0) 2() 0@ 0@ 00 0@ 0(0 0@ 0@ 0@ 0@ 00 00 0@ 00  0(0) Radulescuetal, 202"
Austria 204 6 47(712) 0(0) 00 3(45 0(0) 0@ 0@ 0@ I(l5) 2(3) 7(106 0@ 0@ 0() 0@ 0@ 0@ 0@ 0@ 0@ 0@ 0@ 0@ 00 0@ 0@© 0© 00 00 00 00  6(9 janeckeecal, 2002
Netherlands 222 47 35(745 1@l) 00 0@ 0(0) 3(63) (@) 00 @) 242 0© 0@ 0@ 00 0@ 0@ 0(0 0@ 0@ 0@ 00 0@ 0 0@ 0@ 0@ 0@ 00 0@ 00 0(0)  4(84) Santosetal 2005*
France 27 395 287(727) 0(0)  1(03) 4(L0) 6(.5) 6(L5) 0@ 00 0@ I2(3) 128 605 0@ 00 00 00 12(3) 3(09 2008 402 J(03) 0(0) 1(03)0(0) 0(0) 3(03) 0(0) 0@ 0(0) 0(0) 0(0)  37(34) Marlineral, 2005%
Germany 228 76 S4(7LI)  0(0) 00 2(26) 206 0(0) 00 0@ 918 0@ I(13) 0@ 0@Q 0@© 0@ 0@ 0@ 0@ 0@ 0@ 0@ 0@ 0@ 0@ 0© 0@ 0@© 0© 00 0@ 0() 5(6.6) Zoll etal, 2003%
Italy NA 534 478(897) 0(0) 0(0) 1(02) 8(15) 7(13) 0© 00 1002 0@ 7(13) 408 0(© 00 0@ 00 3(06 7(13) 0(© 00  7(13) 00 0(0) 0@ 0() 0@ 0@ 0@ 0@ 0(0) 0(0)  24(45) Andreaetal,2002”
Spain 576 396 351(82) 2(05) 0(0) 1(03) 7(16) 0(0) 4(12) 0(0) 1(03) 2006 1(03) 0@ 0@ 0@ 0@ 00 3(09) 7(.6) 00 103 309 00 0@ 00 0@© 0@ 0@ 00 0@ 0@ 0(0)  16(40) Rabionetecal 200"
Greece 200 145 139(959) 0(0) 0(0) 2(14 0(0) 0@ 0@© 0@ 0@ 0@ 10N 0@ 00 00 0@ 00 0@ 2(14 0© NA 0@ 0@ 0( 0 0@ 0@ 0 0@ 0@ 0@ 0() 1(0.7) Pampanos et al, 2002”
Portugal 53 25 166 0@ 00 2@ 0@ 00 00 00 @4 0@ 0@ 0@ 00 00 00 00 @ 0@ 0(© 0@ 0 0@ 0@ 0@ 0@ 0@ 0@ 00 0 0@ 00  5(0) Nogueiraetal20l*
Sweden 79 49 43678 0 00 00 0@ 00 120 00 0@© 00 10 0@ 0@ 0@ 00 00 0@ 0@ 0@ 0@ 0(0 2(@)0@© 0@ 0@ 0@ 0@© 0@ 0@ 0@ 0(0)  2(8l) Carlssonetal 2012"
Finland 7 30 26(867) 1(33) 00 00 0@ 00 00 0@© 3(1) 0@ 0@ 0@ 00 00 00 00 0@ 0(@ 0@ 00 0@ 0@ 0@ 00 0@ 0@ 0@ 0@ 0@ 0@ 0@  0(0) Lopponen etal 2003"
Norway 254 8 72847) 0(0) 00 24 0@ 00 00 00 0@ 224 00 1(12 0@ 00 0@ 0@ 0(0 0() 0@ 0@© 00 0@ 3(360(0 0@ 0@ 0@© 00 00 00 00  5(60) Semecal,2010¥
Greenland 4 3371000 0@ 0@ 00 0@ 00 0@ 00 0@ 0@ 0@ 0@© 00 0©0 00 00 0( 0( 0@ 0(0) 00 0@ 0(@ 0(® 0@ 0(@ 0 0@ 0( 0(0) 0@  0(0) Homoeetal, 2012%
North America
USA/Carada 7401 1952 1001 (51.3) 183 (94) 36(1.8) 33(17) 83(43) 0(0)  16(08) 6(03) 256 (13.1) 28(l4) 4624 8(04) 3(02) 3(02) 2(01) 0(0) 22(1.1) 7(04 2(.1) 0(0)  5(03) 0(0) 604 2(0.) 0©) 10(5.1) 0 0(Q 00 0(0) 0(0) 193(9.9) Putchaetal 2007*
Mexico 76 92 2@ 00 00 00 248 00 00 00 0@© 0© 0@ 0@ 0@ 0@ 0@ 00 (@4 00 0@ 00 0( 0@ 0@ 00 2(48 0@© 0@ 00 0@ 00 0(0) S(Il,o)dehL‘u;‘;iI;c‘:\u-Sordo
al,
South America
Brazil 300 75 S6(747)  1(13)  1(13) 1(13) 1(13) 0@  0(0) 0(0) 4(3) 0@ 1(13) 0@ 0@ 0@  I(13) 0@ 0() 2(26 0@ 0@ 0@ 0@ 0(© 0@ 0@ 0@ 0@ 0© 00 0(© 0(0)  4(53) Batissoco etal, 2009”
Colombia 12 80 37(463) 00 0@ 00 1(3) 00 0(0) 39488 338 0@© 0@ 0@ 00 00 0@ 00 0( 0@ 0@ 00 0( 0@ 0@ 0@ 0@ 0@ 0@ 00 00 0@ 00  0(0) Tamayoetal 2009*
Argentina 94 60 40(667) 2(33) 00 0@ 233 (.6 583 00 00 00 0@ 0@© 0@© 00 0@ 0@ 2(3) 1(1.6) 0@ (16 0@ 0© 0© 0© 1(.6) 00 00 00 0@ 0( 0@  5(83) Gravinaetal 200"
Chile 13 8 28(1000 00 0© 00 00 0@ 0@ 00 0@Q 00 0@ 0@ 0@ 0@ 0@ 00 0@ 0@ 0@ 00 0@ 0@ 0@ 00 0@ 0@ 0@ 00 00 0@ 0  0(0) Cifuentesetal 2013
Africa
Egypt 1" 35 24(686) 2(86) 0(0) 0(0) 0(0) 1(43) 00 0@ 0(© 0@ 0@ 0@ 0(0) © 00 0@ 0© 0@ 00 00 2(86 00 0@ 0@ 0(© 0@ 0@ 0@© 0@ 00 0() 3 (12.9) Snoeck et al, 2005°'
Algeria 59 45 36(800) 3(67) 0(0) 0(0) 2(44 2(44) 00 00 00 0@ 0@ 0@ 0(0 0@ 0@ 0(0) 2(44) 00 0@ 0@  0(© 0@ 0@ 0@ 0@ 0@ 0@ 00 0@ 0@ 00  0() Al;g\oasr;thod‘petal,
Morocco 8l 65  61(938) 3(46 0© 00 00 00 0@ 0© 0@ 0@ 0@ 0@ 0@© 0@© 0@ 0@ (5 00 0@ 0@ 00 0© 0© 00 0@ 0© 0© 0© 0@ 0@ 0(0)  0(0) Abidietal 2007
Kenya/Sudan 589 13 10(769) 177 00 0@ 0@ 00 0@ 00 0@© 0@© 0@ 0@ 0@ 00 0@ 0@ 0@ 0@ 0@ 0@ 0@ 0@ 00 00 0@ 0@ 0@ 00 0@ 00 0(0)  2(I54)Gasmelseed etal, 2004*
Tunisia 95 52 45(865 1 00 00 00 0(© 00 00 00 0@ 0@ 0@ 0@ 00 0@ 00 3(60 I(2) 0( 00  2(40) 0@ 0(0) 0@ 0@ 0@ 0@ 0@ 0@ 0@ 0(0)  0(0) Trabelsiecal 2013
Uganda 126 o0 00 00 00 00 00 0@ 00 00 0@ 00 00 00 00 0@ 00 0@ 0@ 00 0@ 00 0@ 0@ 0@ 0© 0@ 0@ 0@ 00 0@ 0() 1 (100) Javidnia et al, 2014
Ghana % 120 0(0) 00 0 00 00 00 110099 00 00 00 0@ 0© 0@ 00 0@ 00 0@ 0@ 00 0@ 00 0( 00 4@3) 00 0@ 0@ 2(7) 0© 00 0(0)  5(4I) Hamelmann ecal, 2001
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Figure 1. The spectrum of GJB2 mutations.
A larger circle indicates a larger number of mutated alleles.

In contrast, the other populations listed above, which
were characterized by the ¢.35delG, ¢.313 326del14, and
p-M34T mutations, were grouped into 1 large cluster. These
results reveal that the European, Middle Eastern, North
African, American, and Australian genetic backgrounds
were similar but distinguishable from the East Asian,
Southeast Asian, South Asian, and Sub-Saharan African
populations.

Ethnic-Specific GJB2 Mutations and Their
Suspected Origin

We conducted a cluster analysis to speculate on the origin of
these frequent mutations, and we compared the results with
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(continued)

the human Y-chromosomal haplogroup tree, which is appli-
cable to human migration and expansion investigations.”* ™
Based on these data, the footprints of the human migration
route began to emerge.”*”* There is no doubt that all of these
gene mutations migrated according to this route. Therefore,
we compared the GJB2 mutation clustering results of the
ethnic populations and the distribution of the GJB2 muta-
tions to the proposed human migration routes deduced from
the Y-chromosome haplotype tree™® (Figure 4).

The c.35delG Mutation

The GJB2 ¢.35delG mutation is the most common cause of
hearing loss worldwide and is identified frequently in
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