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Abstract

Background: Every year, 30,000 babies are born with congenital hearing impairment in China. The
molecular etiology of hearing impairment in the Chinese population has not been investigated
thoroughly. To provide appropriate genetic testing and counseling to families, we performed a
comprehensive investigation of the molecular etiology of nonsyndromic deafness in two typical
areas from northern and southern China.

Methods: A total of 284 unrelated school children with hearing loss who attended special
education schools in China were enrolled in this study, 134 from Chifeng City in Inner Mongolia
and the remaining 150 from Nangtong City in JiangSu Province. Screening was performed for GJB2,
GJB3, GJB6, SLC26A4, |2S rRNA, and tRNAsefUCN) genes in this population. All patients with SLC26A4
mutations or variants were subjected to high-resolution temporal bone CT scan to verify the
enlarged vestibular aqueduct.

Results: Mutations in the GJB2 gene accounted for 18.31% of the patients with nonsyndromic
hearing loss, I555A>G mutation in mitochondrial DNA accounted for 1.76%, and SLC26A4
mutations accounted for 13.73%. Almost 50% of the patients with nonsyndromic hearing loss in
these typical Chinese areas carried GJB2 or SLC26A4 mutations. No significant differences in
mutation spectrum or prevalence of GJB2 and SLC26A4 were found between the two areas.

Conclusion: In this Chinese population, 54.93% of cases with hearing loss were related to genetic
factors. The GJB2 gene accounted for the etiology in about 18.3 1% of the patients with hearing loss,
SLC26A4 accounted for about 13.73%, and mtDNA [555A>G mutation accounted for 1.76%.
Mutations in GJB3, GJB6, and mtDNA tRNAseUN) were not common in this Chinese cohort.
Conventionally, screening is performed for GJB2, SLC26A4, and mitochondrial /2S rRNA in the
Chinese deaf population.
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Introduction

Hearing impairment is the most common neurosensory
disorder in humans, with an incidence of approximately
one in 1000 children worldwide. About 50-60% of these
cases have a genetic cause [1]. In China, it has been esti-
mated that 30,000 babies are born with congenital hear-
ing impairment per 20 million live births every year [2].
Although some mutational hotspots involved in inherited
hearing impairment, such as GJB2 235 delC, SLC26A4
IVS7-2A>G, and mitochondrial DNA 1555A>G, have
been reported in Chinese deaf populations, the molecular
etiology of deafness in Chinese children has not been
investigated systematically, and effective genetic evalua-
tion strategies for hearing impairment are not available in
most areas of China. China is a large country with a pop-
ulation of 1.3 billion, of which 91% are Han ethnic peo-
ple. Comprehensive genetic analysis of deaf children in
different regions of China should be performed to obtain
epidemiological information to provide effective genetic
testing and accurate counseling.

The most common molecular defects in nonsyndromic
autosomal recessive deafness involve Connexin 26, a gap
junction protein encoded by the G/B2 gene [3-10]. More
than 150 mutations, polymorphisms, and unclassified
variants of GJB2 have been reported to account for the
molecular etiology of about 8-40% of patients with non-
syndromic hearing impairment http://davinci.crg.es/deaf
ness. However, almost 79% of patients with nonsyndro-
mic hereditary deafness in China do not have mutations
in G/B2 [11]. Indeed, mutations in other connexin genes,
such as GJB6 for Cx30 and GJB3 for Cx31, have been iden-
tified and shown to cause hearing impairment [12,13].
Sequence analysis of the GJB2 gene in subjects with auto-
somal recessive hearing impairment has revealed a puz-
zling problem in that a high number of patients carry only
one mutant allele. Some of these families showed clear
evidence of linkage to the DFNB1 locus, which contains
two genes, G/B2 and GJB6 [3,14]. Further analysis demon-
strated a deletion truncating the G/B6 gene, encoding con-
nexin 30, near G/B2 in heterozygous affected subjects
[15,16].

SLC26A4 also makes appreciable contributions to auto-
somal recessive nonsyndromic deafness, enlargement of
the vestibular aqueduct (EVA), and Pendred syndrome.
SLC26A4 encodes an anion (chloride/iodide) transporter
transmembrane protein, pendrin, which is expressed in
the thyroid, kidney, and cochlea [17,18]. DNA sequence
analysis identified more than 100 different mutations in
SLC26A4 [8,19-25]. It was reported that SLC26A4 muta-
tions accounted for approximately 5% of all cases of
prelingual deafness in East Asia, 5% of cases of recessive
deafness in south Asia [26], 3.5% in the UK, and 4% in the
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Caucasian population with nonsyndromic hearing loss
[27].

Although the majority of cases with hereditary hearing
loss are caused by nuclear gene defects, it has become clear
that mutations in mitochondrial DNA (mtDNA) can also
cause nonsyndromic hearing loss [28,29]. The best stud-
ied of these mutations is the 1555A>G mutation in the
mitochondrial 12S rRNA gene. Another recently identi-
fied mutation in the mitochondrial 128 rRNA gene is the
1494C>T in the conserved stem structure of 12S rRNA
[30]. Other nucleotide changes at positions 961 and 1095
in the 12S rRNA gene have been shown to be associated
with hearing loss, but their pathogenic mechanisms of
action in the predisposition of carriers to aminoglycoside
toxicity are much less clear [31,32]. Several mutations
(7444G>A, 7445A>G, 7472insC, 7510T>C, 7511T>C,
and 7512T>C) in the mitochondrial tRNAse"(UCN) gene are
also known to cause maternally inherited nonsyndromic
hearing loss by disrupting the tRNA structure and func-
tion [33-35]. The mtDNA 1555A>G mutation accounts for
a small fraction of patients with nonsyndromic hearing
loss, with frequencies between 0.6% and 2.5% among dif-
ferent Caucasian populations [36-40] and higher frequen-
cies in Asian countries (3.43%, 3%, and 5.3% in Chinese,
Japanese, and Indonesian cohorts, respectively) [41-43].

In the present study, we performed a comprehensive anal-
ysis of 6 prominent deafness-related genes, GJB2, GJB3,
GJB6, SLC26A4, mtDNA 12S rRNA, and mtDNA
tRNAser(UCN), in 284 patients with early-onset, nonsyndro-
mic hearing impairment from unrelated families from
two typical Chinese areas, Chifeng City in northern China
and Nantong City in southern China, to investigate the
molecular etiology in order to provide effective risk assess-
ment and genetic counseling for hearing loss patients and
their families in China.

Materials and methods

Patients and DNA samples

A total of 284 deaf subjects from unrelated families were
included in this study; 134 were from Chifeng Special
Education School in Inner Mongolia, and 150 were from
Nantong Special Education School in JiangSu Province,
China. The Huanghe River is the demarcation line
between northern and southern China. Chifeng is a typi-
cal city in northern China with a population of 4.61 mil-
lion, and Nantong is a typical city in southern China with
a population of 7.74 million. Chifeng and Nantong are
moderate on the population scales in northern and south-
ern China, respectively. Chifeng and Nantong both have
long histories of 8000 years and at least 5000 years,
respectively. No significant population immigration has
occurred over the history of the two cities, and the genetic
backgrounds of the respective populations remain rela-
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tively intact. The two cities have relatively stable economic
development, and the living habits and cultural back-
ground of the populations are characteristic of northern
and southern China, respectively. This cohort of patients
consisted of 158 males and 126 females from 3 to 20 years
old with an average age of 12.30 + 2.70 years. Ethnically,
the patients consisted of 243 Han, 31 Mongolian, 7 Man,
and 3 Hui Chinese. The study protocol was performed
with the approval of the ethnicity committee of the Chi-
nese PLA General Hospital. Informed consent was
obtained from all subjects prior to blood sampling. Par-
ents were interviewed with regard to age of onset, family
history, mother's health during pregnancy, and patient's
clinical history, including infection, possible head or
brain injury, and the use of aminoglycoside antibiotics.

All subjects showed moderate to profound bilateral sen-
sorineural hearing impairment on audiograms. Careful
medical examinations revealed no clinical features other
than hearing impairment. DNA was extracted from the
peripheral blood leukocytes of 284 patients with nonsyn-
dromic hearing loss and 200 region- and race-matched
controls with normal hearing using a commercially avail-
able DNA extraction kit (Watson Biotechnologies Inc,
Shanghai, China).

Mutational analysis

DNA sequence analysis of the G/B2 coding region plus
approximately 50 bp of the flanking intron regions, mito-
chondrial 12S rRNA (nt611 to nt2007), and tRNAser(UCN)
(nt7148 to nt8095) genes were amplified by PCR fol-
lowed by sequencing using the Big Dye sequencing proto-
col in all patients. The sequence results were analyzed
using an ABI 3100 DNA sequencing machine (Applied
Biosystems, Foster City, CA) and ABI 3100 Analysis Soft-
ware v.3.7 NT, according to manufacturer's protocol.
Patients with monoallelic GJB2 coding region mutation
were further tested for G/B2 IVS1+1G>A mutation or
defects in exon1 and basal promoter of G/B2, GJBG 309-
kb deletion, and deletion of the whole GJ/B6 coding
region. The presence of the 309-kb deletion of G/B6 was
analyzed by PCR [15,16]. A positive control (provided by
Balin Wu, Department of Laboratory Medicine, Children's
Hospital Boston and Harvard Medical School, Boston,
MA) was used for detection of GJB6 gene deletions.

Patients with two GJB2 mutant alleles, one dominant
mutant allele, or mtDNA 1555A>G mutation were not
analyzed for SLC26A4 mutations. The exons of SLC26A4
of the remaining 227 patients were sequenced individu-
ally starting from the frequently mutated exons until two
mutant alleles were identified.

Patients with two GJB2 mutant alleles, one dominant
mutant allele, mtDNA 1555A>G mutation, or verified EVA
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were not analyzed for G/B3 mutations. The coding exon of
GJB3 was sequenced in the remaining 188 patients.

Two hundred controls with normal hearing were
sequenced to determine the presence of mutations and
polymorphisms in the GJB2, GJB3, and GJB6 genes and
mtDNA 12S rRNA and tRNAse"(UCN), In addition, all con-
trols were screened for SLC26A4 mutations by DHPLC
followed by sequencing analysis.

CT scan and thyroid examination

Fifty-six of 59 patients with mutations or variants in
SLC26A4 were examined by temporal bone computed
tomography (CT) scan for diagnosis of EVA or inner ear
malformation based on a diameter of >1.5 mm at the
midpoint between the common crus and the external
aperture [28]. To evaluate Pendred syndrome, patients
positive for SLC26A4 mutations or variants were exam-
ined by ultrasound scan of the thyroid and determination
of thyroid hormone levels. These procedures were per-
formed at the Second Hospital of Chifeng City, Inner
Mongolia and hospitals affiliated with Nantong Univer-
sity, China. As perchlorate discharge testing is not a gen-
eral clinical practice in China, it was not used in this study.

Results

Among the 284 cases included in this study, 139 cases had
prelingual hearing loss, including 94 congenital cases.
Fifty-six cases showed postlingual hearing loss, with an
average age of onset of 3.01 + 1.86 years. The age of onset
was unclear in the remaining 89 cases. In addition, 79
cases (22 prelingual cases and 57 postlingual cases) had
clear histories of administration of aminoglycoside, with
an average age of onset at 2.23 + 1.71 years, and patients
without a history of aminoglycoside use showed a signifi-
cantly lower average age of onset of 0.75 + 1.07 years (P <
0.001).

GJB2 gene mutations

Sequence analysis of the GJB2 gene indicated that 51
patients carried two confirmed pathogenic mutations,
and 1 patient had an R75W mutation, which has been
reported to cause autosomal dominant syndromic deaf-
ness with palmoplantar keratoderma [44] (Table 1).
Twenty-eight patients, including the 1 patient with auto-
somal dominant R75W mutation, were heterozygous for
one pathogenic mutant allele. Four patients were hetero-
zygous for one unclassified novel variant, the pathogenic-
ity of which has not been determined (Table 1). In
addition, 3 patients carried the heterozygous allele V371,
about which there is debate regarding whether it is a path-
ogenic mutation or a polymorphism [8,45-47]. Thus,
29.23% (83/284) of the unrelated families of deaf
patients in typical areas in China had molecular defects in
GJB2, and 18.31% (52/284) had confirmed molecular eti-
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Table I: Genotypes of patients with mutations in the GJB2 gene
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Allele | Allele 2
Nucleotide Consequence or Category Nucleotide Consequence or Category Number of
Change amino acid change change amino acid change patients
c.235delC Frameshift Pathogenic c.235delC Frameshift Pathogenic 31
c.235delC Frameshift Pathogenic c.299_300delAT Frameshift Pathogenic 8
c.235delC Frameshift Pathogenic c.176_191dell6 Frameshift Pathogenic 5
c.235delC Frameshift Pathogenic c.257C>G T86R TM2 Pathogenic |
c.560_605ins46 Frameshift Pathogenic c.560_.605ins46 Frameshift Pathogenic |
c.299 300delAT Frameshift Pathogenic c.176_191dell 6 Frameshift Pathogenic 4
c.176_191dellé6 Frameshift Pathogenic c.176_191dellé6 Frameshift Pathogenic |
c.223C>T R75W ECI aPathogenic c.79G>A, V271, El 14G Polymorphism |
Autosomal dominant PPK c.341A>G
c.235delC Frameshift Pathogenic - 20
c.299_300delAT Frameshift Pathogenic - 6
c.155 158delTCT  Frameshift Pathogenic - |
G
c.592G>A bV198M TM4 Novel c.79G>A, V271, El 14G Polymorphism 2
c.341A>G
c.187G>T bV63L ECI Reported - |
c.458T>C bVI53AEC2 Novel c.608T>C 1203T Polymorphism |
c.109G>A V371, TMI <See note - 2
c.|09G>A V371 See note c.79G>A, V271, El 14G Polymorphism |
c.341A>G
c.79G>A, V271, EI 14G IC2 Polymorphism - 42
c.341A>G
c.79G>A, V271, EI 14G Polymorphism ¢c.79G>A, V271, EI 14G Polymorphism 2
c.341A>G c.341A>G
c.341A>G EI14G Polymorphism - |
c.79G>A V271 TMI Polymorphism - 8
c.79G>A V271 Polymorphism c.79G>A V271 Polymorphism |

TM, transmembrane domain; EC, extracellular domain; IC, intracellular domain.

ology of nonsyndromic hearing impairment (51 auto-
somal recessive and 1 autosomal dominant) in the GJ/B2
gene.

Five frameshift (235delC, 299_300delAT, 176_191del16,
560_605ins46, and 155_158delTCTG) and two missense
(T86R and R75W) pathogenic mutations were found in
this cohort (Table 1). The most prevalent mutation in this
patient cohort was 235delC, which has also been reported
to be the most prevalent mutation in other Asian popula-
tions [6,46]. Thirty-one patients were homozygous for
235delC mutation, 14 were compound heterozygous with
another pathogenic mutation, and 20 were heterozygous
for 235delC mutation (Table 1). Four novel alterations
were identified, specifically, a frameshift pathogenic
155_158delTCTG mutation and three unclassified mis-
sense variants, V198M, V63L, and V153A (Tables 1).
Overall, 134 mutant alleles (including the unclassified
missense variants but excluding the V371 variant) were
identified in 83 unrelated patients. 235delC alone
accounted for 71.64% (96/134) of the total mutant alle-
les. Two mutations, 235delC and 299delAT, accounted for
85.07% (114/134) of the GJB2 mutations in our patients,

91% in another Chinese population [47], and 97% in a
Taiwanese population [48]. These detection rates were
higher among all the studies on the Asian deaf popula-
tions to date [6,10,45,46,48]. The V371 variant was con-
sidered a pathogenic mutation in Japanese studies, but it
was not found in any of the Korean control or patient
populations reported previously [6,10,46]. The frequency
of V371 in our deaf population was lower than that in our
control group (P <0.05). T123N is an unclassified variant,
which was counted as a mutation in a previous Japanese
study but as a polymorphism in another study in Taiwan
[10,45]. We found three T123N alleles in our control sub-
jects but none in the patient group.

No variations in the GJB2 gene mutation spectra were
found among the different ethnicities of Chinese patients
in our study, with 235delC being the most common
mutation in all ethnic groups. The 299_300delAT muta-
tion was found in 15 Han, 1 Mon, and 1 Hui patient. The
deleterious 560_605ins46 mutation was found in 1 Man
patient. The 176_191del16 mutation was detected in 8
Han and 1 Mon patient, and 155_158 delTCTG was
detected in 1 Man patient. Four of 7 Man patients (57%)
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and about 30% of patients from all other races [27.98%
(68/243) of Han, 32.3% (10/31) of Mon, and 33.3% (1/
3) of Hui] carried GJB2 mutations. No significant differ-
ences in GJB2 detection rate were found among these four
ethnic groups (y2=2.4893, P = 0.4772).

We analyzed the GJ/B2 gene from 200 control subjects
with normal hearing and found three types of deleterious
mutation, 235delC, 299_300delAT, and 139G>T(E47X),
carried by 7 subjects in the heterozygous state. This sug-
gested a GJB2 mutation carrier rate of about 3.5% (7/200)
in the general population. Meanwhile, the carrier rates of
GJB2 mutation in Korea, Japan, Taiwan, among Ashkenazi
Jews, and in the Midwestern United States were reported
to be 2%, 2.08%, 2.55%, 4.76%, and 3.01%, respectively
[5,6,45,46,49].

None of our patients heterozygous for one G/B2 mutant
allele or the controls with normal hearing carried the
IVS1+1G>A mutation or variant in exon1 and basal pro-
moter of GJB2.

Mutations in GJB6

None of our patients heterozygous for one G/B2 mutant
allele or the controls with normal hearing had the known
309-kb deletion or other variant in the GJB6 gene.

Mutations in mtDNA 12S rRNA and tRNAser(UCN)

Five patients were found to carry the 1555A>G mutation,
and 4 patients carried the 1095T>C mutation in the
mtDNA 128 rRNA gene. Two patients were detected carry-
ing the 7444G>A mutation in the mtDNA tRNAser(UCN)
gene. All of the above 11 patients had a clear history of
aminoglycoside use. None of the remaining 68 patients
with history of aminoglycoside use had mutations in 125
TRNA or tRNAsr(UCN) in the mitochondrial genome. One
of the 2 patients with 7444G>A mutation was also
homozygous for the SLC26A4 IVS7-2A>G mutation and
was further verified to have EVA by temporal CT scan.
Thus, this patient may be only a 7444G>A carrier, with
defects in SLC26A4 being the main cause of hearing loss.
Two of the 200 control subjects were found to carry the
mtDNA 12S rRNA 1095T>C mutation, giving a carrier rate
of 1% (2/200). Statistical analysis showed no significant
difference in the incidence of the 1095T>C mutation
between the patient and control groups. No other muta-
tions were detected in the mitochondrial genome in the
controls. All the mutations found in the mitochondrial
genome were homogeneous.

Mutations in SLC26A4

Sequence analysis of the SLC26A4 gene in these 227
patients with hearing impairment identified 28 patients
with two confirmed pathogenic mutations (Table 2) and
one compound heterozygote for two unclassified variants,
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Y375C and R470H, which are most likely pathogenic.
Twenty-one patients carried one SLC26A4 mutant allele,
and 2 patients carried novel unclassified missense vari-
ants, 1491T and L5978, respectively, which are probably
pathogenic due to the changes in evolutionarily conserved
amino acids. Two patients carried V659L, including 1 who
was verified to have EVA by CT scan. Wang et al. reported
the pathogenicity of V659L in Chinese EVA patients [25].
Two unclassified heterozygous missense variants were
found, 1235V and T67S. The 2 patients carrying these sin-
gle conserved amino acid changes had normal vestibular
aqueducts. These two missense variants are probably
benign, or these patients were only carriers of the muta-
tion and their hearing impairment had other etiologies.
One patient with normal results on temporal CT scan car-
ried a novel variant, IVS12-6insT, in the heterozygous
state. Analysis using the program NNSPLICE available at
http://www. fruitfly.org/seq_tools/splice.html did not pre-
dict gain or loss of a splice site with this variant, and it was
therefore also considered benign. Thus, mutations in
SLC26A4 were identified in 18.66% (53/284) of patients
with hearing impairment in typical areas of China, 29
with two mutant alleles and 24 with one mutant allele.

A total of seven different pathogenic mutations (IVS7-
2A>G, E37X, K771, S391R, N392Y, T410M, H723R) and
five novel, probably pathogenic variants (Y375C, R470H,
1491T, L5978, and H723D) were found. The E37X muta-
tion that results in a premature stop codon and a trun-
cated protein less than 5% of the normal length is
predicted to be deleterious. The H723D mutation is
caused by nucleotide substitution, c.2167C>G, which was
predicted to be deleterious as a milder change at the same
amino acid residue, H723R, was shown to be the most
common pathogenic mutation in Japanese subjects.
Other missense mutations, K771, S391R, N392Y, T410M,
and H723R, have been reported in patients with hearing
loss [24,25,50]. Y375C, R470H, 1491T, L597S, and
H723D were considered pathogenic, as they are located in
an evolutionarily conserved region. The substituted
amino acids are structurally and functionally different
from those in the wild-type sequence, and Y375C, R470H,
[491T, and H723D have been found in patients with EVA
or other forms of inner ear malformation and were not
found in our normal controls.

The most common mutation in our patient cohort was the
aberrant splice-site alteration, IVS7-2A>G, for which 16
patients were homozygous, 4 were compound hetero-
zygous, and 17 were heterozygous. The IVS7-2A>G muta-
tion accounted for 64.63% (53/82, counting only the
definite pathogenic and most likely pathogenic variants)
of all SLC26A4 mutant alleles in this population (Table
2).
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Table 2: Genotypes of SLC26A4 gene-related hearing impairment in typical Chinese areas

Allele | Allele 2 Number of patients
Nucleotide Amino acid Category Nucleotide Amino acid Category
Change change change change
cIVS7-2A>G aberrant splicing  Pathogenic cIVS7-2A>G Aberrant splicing Pathogenic 16 EVA
c.2168A>G H723R Pathogenic c.2168A>G H723R Pathogenic I EVA
c.[174A>T N392Y Pathogenic c. | 174A>T N392Y Pathogenic I EVA
cIVS7-2A>G aberrant splicing  Pathogenic c.230A>T K771 Pathogenic I EVA
clVS7-2A>G aberrant splicing  Pathogenic c.1229C>T bT410M Pathogenic I EVA
c.lVS§7-2A>G aberrant splicing  Pathogenic c.1975G>C bV659L Pathogenic I EVA
cIlVS§7-2A>G aberrant splicing  Pathogenic c.2168A>G H723R Pathogenic 3 EVA
c.2168A>G H723R Pathogenic c.109G>T E37X, nonsense Pathogenic I EVA
mutation
c.2168A>G H723R Pathogenic c.1229C>T 5T410M Pathogenic I EVA
c.2168A>G H723R Pathogenic c2167C>G H723D Unclassified I EVA
variant

c.l173C>A S391R Pathogenic c.1229C>T bT410M Pathogenic I EVA
c.l124A>G Y375C Unclassified c.1409G>A R470H Unclassified I Vestibular and cochlear

variant variant malformation
c.1472T>C 1491T Unclassified I EVA and Mondini

variant
clVS§7-2A>G aberrant splicing  Pathogenic 8 EVA
c.2168A>G H723R Pathogenic I EVA
cIlVS7-2A>G aberrant splicing  Pathogenic c.1905G>A E635E Silent I ND

variant

c.| 174A>T N392Y Pathogenic I ND
clVS7-2A>G aberrant splicing  Pathogenic 8 nl
c.2168A>G H723R Pathogenic 2 nl
c.1790T>C L5975 Unclassified I nl

variant
c.1975G>C bV659L Pathogenic I nl
c.757A>G 1253V Unclassified I nl

variant
c.200C>G T67S Unclassified I nl

variant
c.IVS12-6i nsT Intron insertion  Unclassified I nl

variant
c.225C>G L75L Silent variant I ND
c.678T>C A226A Silent variant I nl
c.1905G>A E635E Silent variant I nl

nl, normal; EVA, enlarged vestibular aqueduct; ND, not determined; NA, not available; IVS7, intravening sequence 7 (intron 7); IVS12, intravening

sequence |2 (intron |2).

Three novel silent variants were identified in the patients,
¢.1905C>G (E635E), c.678T>C (A226A), and c.225C>G
(L75L), which were not detected in the control group.

To determine the carrier frequency in the general popula-
tion, SLC26A4 exons 2-21 of 200 individuals with normal
hearing were analyzed by DHPLC. Four IVS7-2A>G heter-
ozygotes and one silent variant, 2217A>G (Q739Q), were
found. The carrier rate of the SLC26A4 mutation in China
was estimated to be about 2%. Polymorphisms in the
SLC26A4 gene appear to be rare in the general population
in comparison to those in the GJB2 gene.

CT scan

Temporal CT scan revealed EVA and/or other inner ear
malformation in 39 patients. Twenty-eight patients had
EVA and two pathogenic mutant alleles, consistent with
an autosomal recessive disorder caused by biallelic loss of
function of pendrin protein. One female patient carrying
two novel missense variants, Y375C and R470H, had a
common cystic cavity of the cochlea and vestibule without
EVA. One male patient carrying a novel 1491T variant had
enlarged vestibular aqueducts with Mondini dysplasia.
Eight patients with one mutant IVS7-2A>G allele had
EVA. One patient with one mutant 2168A>G allele had
EVA. CT scan results of 3 patients carrying heterozygous
IVS7-2A>G, N392Y, and a polymorphism (L75L), respec-
tively, were not available (Table 2). Temporal CT scan
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results were normal in the remaining patients. Testing of
the two most frequent mutations, IVS7-2A>G and H723R,
identified 89.74% of patients with EVA or inner ear mal-
formation in this cohort.

Thyroid ultrasound and thyroid hormone assays

Thyroid ultrasound was performed to determine the pres-
ence or absence of goiter. None of the patients with
SLC26A4 mutations or variants showed the presence of
goiter. Only 1 patient with EVA showed cystoid changes in
the thyroid on ultrasound scan, whereas no changes were
observed in thyroid hormone levels. Thyroid hormone
assays showed that total T3 was slightly elevated in 2
patients, but this was of no clinical significance, according
to endocrinologists from Chinese PLA General Hospital.

Mutations in GJB3

Sequence analysis of the G/B3 gene identified five hetero-
zygous variants in 44 patients: 24_49ins26bp (GCCAT-
GGACTGGAAGACACTCCAGGC), 87C>T (F29F),
250A>G (V841), 357C>T (N119N), and 497A>G (N166S)
(Table 3). Both 87C>T and 357C>T are silent variants.
Two patients were heterozygous for 250A>G (V84I). To
clarify the pathogenicity of the V84l variant, we per-
formed a control study in a group of 200 individuals with
normal hearing. The frequency of V841 in the deaf popu-
lation was not significantly different from that in the con-
trols, but it was shown to be a G/B3 polymorphism in the
Chinese population. One patient was heterozygous for
497A>G, which results in replacement of asparagine with
serine at position 166 of Cx31. The patient carrying
N166S mutation in one allele carried GJB2 235delC muta-
tion in the other allele. The 24_49ins26bp variant is a
novel frameshift, which results in a premature stop codon

http://www.translational-medicine.com/content/7/1/79

and a truncated Cx31 protein. In addition, 24_49ins26bp
and N166S were detected only in patients with hearing
impairment and not in the controls, and they are very
likely to be deleterious mutations. Only 2 patients with
GJB3 mutation were found in this cohort.

Five types of GJB3 variant were detected in the control
group: 357C>T (N119N), 87C>T (F29F), 327C5T
(H109H), 250A>G (V84I), and 580G>A (A194T). One
control subject was homozygous for 250A>G (V84I).
327C>T is a silent variant. The variant 580G>A was pre-
dicted to replace the hydrophobic alanine at position 194
of Cx31 with a hydrophilic threonine (A194T). This vari-
ant was first found in 2 patients from China with auto-
somal dominant hearing loss and was considered to be a
genetic cause in these two cases [51]. We regard A194T as
an unclassified variant because it was not detected in any
of our patients. Long-term follow-up is necessary in the 2
controls with A194T mutation to determine whether their
hearing level will show any impairment in future.

Discussion

GJB2 gene

Previous reports suggested that the prevalence of GJ/B2
mutations varies among different ethnic groups. The most
common mutation in Caucasians, 35delG, was not found
in our patients. Instead, 235delC accounted for 71.64% of
GJB2 mutant alleles in our cohort. This is mutation is
detected at the highest rates among Asian populations,
with incidences of approximately 41% and 57% in two
Japanese reports, 67% in one Taiwanese study, and 73%
in one Korean study [6,10,45,46,48]. The Chinese popu-
lation is made up of six major ethnicities: Han, Man, Mon,
Hui, Zhuang, and Miao. The majority are Han (91.6%),

Table 3: Genotypes of patients and controls with variants in GJB3 gene

Allele | Allele 2 Domain Number of Number of
patients? controls
Nucleotide Consequence Category Nucleotide Consequence Category
Change or amino acid change or amino acid
change change
c.24_49ins26bp  Frameshift Novel - ICI |
pathogenic
c497A>G N166S Novel - EC2 |
pathogenic
c.580G>A A194T Unclassified - T™4 2
c.250A>G Va4l Polymorphism - T™2 2
c.250A>G Va4l Polymorphism  c.250A>G Va4l Polymorphism |
c.357C>T NII9N Polymorphism - 1C2 39 38
c.357C>T NII9N Polymorphism  ¢.357C>T NII9N Polymorphism 2
c.327C>T HI109H Novel - IC2 |
Polymorphism
c.87C>T F29F Polymorphism - T™I | 2
TM, transmembrane domain; EC, extracellular domain; IC, intracellular domain.
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and this was also the predominant ethnicity in the study
population (85.56%). No significant differences in GJB2
mutation spectra were found among different ethnicities
in the Chinese population, although the numbers in the
non-Han populations were too small to allow final con-
clusions to be reached in our study.

The missense mutation T86R was found in 1 patient who
was also compound heterozygous for 235delC mutation.
Although this mutation is not listed in the G/B2 mutation
database website http://davinci.crg.es/deafness, it had
been reported in 3 Japanese patients [10]. The 15-year-old
Chinese female patient with R75W mutation developed
thickening and peeling of the skin at medial and lateral
sides of both hands and feet at 1 year of age. Pure-tone
audiometry testing showed that her father had moderate
high-frequency hearing loss, whereas her mother had nor-
mal hearing. Her father and mother did not have similar
skin problems. GJB2 sequencing indicated that neither of
her parents carried the R75W mutation. Therefore, R75W
was a de novo mutation in this subject. This mutation has
been reported previously in association with autosomal
dominant deafness and palmoplantar keratoderma [44].
Three missense variants, V63L, V153A, and V198M, likely
contribute to the pathogenesis of deafness, because they
were detected only in the patient group and not in the
control group, and they are evolutionarily conserved in
Xenopus, mouse, rat, sheep, orangutan, and human.
These mutations were heterozygous in 4 unrelated
patients who carried only one mutant allele. It is not clear
if they represent autosomal dominant mutations or are
autosomal recessive with an as-yet unidentified second
mutant allele in either the same gene (deep in introns or
untranslated regions) or in different genes (digenic syner-
gistic heterozygous mutations)[16,52]. Alternatively,
these patients may simply be coincidental carriers whose
deafness is caused by non-genetic environmental factors.

In our study population, 51 patients had two confirmed
pathogenic mutations, plus the patient carrying the dom-
inant R75W, and deafness in 18.31% (52/284) of our
patients was due to mutations in GJB2. The percentage of
GJB2-related hearing loss in other studies was 5.9-7% in
Taiwan, 4.8% in Korea, 10.3% in the US, 13.5% in Aus-
tralia, and 14.3% in Germany [6,8,9,45,48,53]. A signifi-
cant proportion of patients with GJB2 mutations had only
one mutant allele. Carriers of a single mutation in the
GJB2 gene show evidence of reduced hair cell function
[54]. Thus, it is possible that these carriers are more likely
than are non-carriers to develop hearing impairment in
the presence of other genetic defects or environmental fac-
tors. In addition to the common GJB6 309-kb deletion,
GJB2 IVS1+1G>A is another mutant DENBI1 allele. Téth et
al. reported that 23.4% of Hungarian GJB2-heterozygous
patients carried the splice-site mutation IVS1+1G>A in the
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5'UTR region of GJ/B2 [55]. In addition, GJB2 mutations
may act synergistically in the presence of mtDNA
1555A>G mutation with aminoglycoside-induced ototox-
icity [56]. Deletions in the GJB6 gene, the IVS1+1G>A
mutation, or variants in exon1 and the basal promoter of
GJB2 were not detected in any of the patients in the
present study.

SLC26A4 gene

SLC26A4 gene mutations were detected in nearly 20% of
our nonsyndromic hearing impairment patients, with
IVS7-2A>G being the most prevalent mutation. About
14% (39/284) of our cases were due to mutations in
SLC26A4. The SLC26A4 gene is another common gene
involved in deafness in typical areas in China. To identify
Pendred syndrome in the EVA patients, we performed thy-
roid hormone testing and ultrasound scan of the thyroid
to examine the function and structure of the thyroid
instead of perchlorate discharge testing, a routine method
used for examining thyroid function that is not available
in most areas of China. Our results indicated that none of
patients had Pendred syndrome. The discrepancy between
our results and those of previous studies may be explained
by differences in testing methods used; the age of the
patients, as those undergoing thyroid ultrasound and thy-
roid hormone assays in this study (3 to 20, average 12.3 +
2.7) may have been too young to show symptoms; and/or
phenotypic diversity due to differences in genetic back-
ground.

It is interesting to note that the 10 patients with inner ear
malformation carried one missense mutation only.
Whether the missense mutation causes a dominant nega-
tive effect and/or specifies a different phenotype is not
clear. It is possible that the second mutant allele has not
yet been identified due to the location of mutations deep
in introns or promoter regions that were not sequenced,
intragenic exon deletions, or the involvement of muta-
tions in genes other than SLC26A4 in the pathogenesis
(i.e., digenic synergistic mutations).

The SLC26A4 mutation spectrum in typical areas in China
is similar to that reported in the overall Chinese popula-
tion but different from that in Japan. Research findings
indicate a gradient shift of the most prevalent mutation
from IVS7-2A>G to H723R from Chinese to Japanese,
respectively, with both mutations being equally prevalent
in the Korean population. This observation suggests that
IVS7-2A>G and H723R mutations may be ancient muta-
tions in China and Japan, respectively. A recent study by
Albert et al. of 100 unrelated patients with EVA in Euro-
pean Caucasian subjects revealed a diverse mutation spec-
trum without prevalent mutations, and only 40 patients
carried SLC26A4 mutations [24]. It is not clear why the
mutations in SLC26A4 account for a much lower percent-
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age of patients with EVA in Caucasian populations. Pre-
sumably, other genetic factors and environmental factors
are involved in the pathogenesis of EVA in Caucasian pop-
ulations.

We found no significant differences in the spectrum or
prevalence of GJB2 and SLC26A4 between patients from
Chifeng City and those from Nantong City.

mtDNA 12S rRNA and mtDNA tRNAser(UCN)

All 5 patients with 1555A>G mutation in the present
study had a history of aminoglycoside use. Pedigree anal-
ysis showed maternally inherited traits, and these patients
were diagnosed as having aminoglycoside-induced non-
syndromic hearing loss. We investigated the clinical and
molecular characteristics of three of the four mtDNA
1095T>C pedigrees. The extremely low penetrance of
hearing loss in the Chinese families carrying the 1095T>C
mutation strongly suggested that the 1095T>C mutation
itself is not sufficient to produce the clinical phenotype.
Therefore, other modifiers, including aminoglycosides,
nuclear genes, and mitochondrial haplotypes, are neces-
sary for the phenotypic manifestation of the 1095T>C
mutation. Despite the presence of several highly evolu-
tionarily conserved variants in protein-coding genes and
the 16S rRNA gene [57], the extremely low penetrance of
hearing loss with the 1095T>C mutation implies that the
mitochondrial variants may not have a modifying role in
phenotypic expression of the 1095T>C mutation in these
Chinese families. However, the history of exposure to
aminoglycosides in these 3 hearing-impaired subjects sug-
gested that these agents were probably the cause of hear-
ing loss. Two controls were also found to carry the
1095T>C mutation; they were advised to avoid use of
aminoglycosides, and their hearing level is being followed
closely.

The 7444G>A substitution has been described in deaf
individuals with and without the 1555A>G mutation, but
its pathogenicity has not been established [58]. Yao et al.
considered 7444G>A to be a normal polymorphism [59].
The patient with mtDNA 7444G>A mutation, who began
suffering bilateral hearing impairment within 3 months
after administration of streptomycin, had no relevant
family history. We performed PCR amplification of frag-
ments spanning the entire mitochondrial genome, and
subsequent DNA sequence analysis in this patient
revealed no variants in evolutionarily conserved regions
in the mitochondrial genome. The molecular etiology of
the patient carrying 7444G>A mutation remains to be
identified.

GJB3 gene
Richard et al. [60] identified three mutations in the
Connexin31 gene (G/B3) in four families with erythroker-
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atodermia variabilis (EKV). Independently, Xia et al. [13]
reported cloning of the human GJB3 gene on chromo-
some 1p33-p35 and found mutations in two small fami-
lies with deafness. The observation that some carriers of
GJB3 mutations showed a normal phenotype challenges
the involvement of these mutations in dominant deaf-
ness. G/B3 has been shown to be related to early-onset
autosomal recessive deafness. In the present study, the
patient carrying N166S mutation in one allele was verified
to carry GJ/B2 235delC mutation in the other. Direct phys-
ical interaction of Cx26 with Cx31 is supported by data
showing that Cx26 and Cx31 have overlapping expression
patterns in the cochlea. In addition, we identified the pres-
ence of heteromeric Cx26/Cx31 connexons by coimmu-
noprecipitation of mouse cochlear membrane proteins.
Furthermore, by cotransfection of mCherry-tagged Cx26
and GFP-tagged Cx31 into human embryonic kidney
(HEK)-293 cells, we demonstrated that the two connexins
were able to co-assemble in vitro in the same junction
plaque. The above data indicate that a genetic interaction
between GJB3 and GJB2 can lead to hearing loss [61]. A
diagnosis of digenic inherited GJB2 and GJB3 hearing loss
was made in this patient. The frameshift mutation
24 _49ins26bp (GCCATGGACTGGAAGACACTCCAGGC)
generates a putative truncated protein of only 18 amino
acids. The patient carrying GJB3 24_49ins26bp in our
cohort had congenital symmetric hearing loss with no rel-
evant family history. The severity of her hearing impair-
ment was profound. Unfortunately, blood samples from
her parents were not available for analysis. If one of the
parents with normal hearing carries this mutation, the
patient may only be a carrier. Alternatively, if neither of
the parents with normal hearing carries this mutation, the
24 _49ins26bp mutation in the patient may have arisen de
novo and may be the genetic cause or at least one of the
factors responsible for her phenotype.

Taken together, approximately 47.89% (83 + 53/284) of
patients with NSHI in typical Chinese areas had molecular
defects in the GJB2 or SLC26A4 gene, whereas about
33.1% and 3.5% of European patients with NSHI carried
mutations in GJ/B2 and SLC26A4, respectively, with a total
of 36.6% in a patient cohort of 142 sib pairs [30]. MtDNA
1555A>G mutation accounted for the etiology in 1.76%
(5/284) of the patients with hearing loss. Ten patients
with a family history of hearing loss showed mutations in
GJB2, GJB3, GJB6, SLC26A4, mtDNA 12S rRNA, or
mtDNA tRNAser(UCN) in our study population. The etiolo-
gies of these 10 patients are most likely genetic, although
no mutations in common hearing loss genes were found.
If the 4 patients with 1095T>C in mtDNA 12SrRNA and 1
patient carrying GJB3 24_49ins26 were all included, hear-
ingloss in 54.93% (156/284) of our Chinese patients was
related to genetic factors.
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This is the first comprehensive study of the molecular eti-
ology of nonsyndromic hearing impairment in mainland
China. GJB2 and SLC26A4 are the two most common eti-
ologies for deafness in the Chinese population. A prelim-
inary investigation of the mutation spectrum and
prevalence of GJB2 and SLC26A4 between typical areas
from northern and southern China was performed in this
study, and no significant differences were found.

Conclusion

In this study, a total of 54.93% of Chinese patients with
hearing impairment showed evidence of genetic involve-
ment either based on genetic screening or family history,
and 18.31%, 13.73%, and 1.76% of the patients were
determined to have inherited hearing impairment caused
by GJB2, SLC26A4, and mtDNA 1555A>G mutations.
Mutations in GJB3, GJB6, and mtDNA tRNAse"(UCN) are not
common. Screening for G/B2, SLC26A4, and 12S rRNA
should be considered the first step in genetic testing of
deaf Chinese patients. Furthermore, the molecular defects
of about 66% of the patients with nonsyndromic hearing
impairment in China remain to be identified.

Competing interests
The authors declare that they have no competing interests.

Authors' contributions

YoYu, YiYo, and DH carried out the molecular genetic
studies and participated in sequence alignment. YoYu
drafted the manuscript. YW and QW carried out temporal
CT scan and thyroid hormone assays. JC, FY, and DK par-
ticipated in sequence alignment and performed the statis-
tical analyses. HY and DH participated in the design of the
study. PD conceived the study, participated in its design
and coordination, and helped draft the manuscript. All
authors have read and approved the final manuscript.

Acknowledgements

This work was supported by Chinese National Nature Science Foundation
Research Grant (30572015, 30728030, 30872862), Beijing Nature Science
Foundation Research Grant (7062062) to Dr. Pu Dai, and Chinese National
Nature Science Foundation Research Grant (30801285) to Dr. Yongyi
Yuan.

References

I.  Cohen MM, Gorlin R]: Epidemiology, etiology and genetic pat-
terns. In Hereditary Hearing Loss and its Syndromes Edited by: Gorlin
R, Toriello HV, Cohen MM. Oxford University Press, Oxford:9-21.

2. Dai P, Liu X, Yu F, Zhu Q, Yuan Y, Yang S, Sun Q, Yuan H, WY,
Huang D, Han D: Molecular etiology of patients with nonsyn-
dromic hearing loss from deaf-mute schools in 18 provinces
of China. Chinese Journal of Otology 2006, 4:1-5.

3. Estivill X, Fortina P, Surrey S, Rabionet R, Melchionda S, D'Agruma L,
Mansfield E, Rappaport E, Govea N, Mila M, Zelante L, Gasparini P:
Connexin-26 mutations in sporadic and inherited sen-
sorineural deafness. Lancet 1998, 351:394-398.

4. Lench N, Houseman M, Newton V, Van Camp G, Mueller R: Con-
nexin-26 mutations in sporadic non-syndromal sensorineural
deafness. Lancet 1998, 351:415.

http://www.translational-medicine.com/content/7/1/79

Morell R, Kim H), Hood LJ, Goforth L, Friderici K, Fisher R, Van
Camp G, Berlin Cl, Oddoux C, Ostrer H, Keats B, Friedman TB:
Mutations in the connexin 26 gene (G)JB2) among Ashkenazi
Jews with nonsyndromic recessive deafness. N Engl| Med 1998,
339:1500-1505.

Park HJ, Hahn SH, Chun YM, Park K, Kim HN: Connexin26 muta-
tions associated with nonsyndromic hearing loss. Laryngoscope
2000, 110:1535-1538.

Rabionet R, Zelante L, Lopez-Bigas N, D'Agruma L, Melchionda S,
Restagno G, Arbones ML, Gasparini P, Estivill X: Molecular basis of
childhood deafness resulting from mutations in the G)JB2
(connexin 26) gene. Hum Genet 2000, 106:40-44.

Wilcox SA, Saunders K, Osborn AH, Arnold A, Wunderlich J, Kelly
T, Collins V, Wilcox LJ, McKinlay Gardner R}, Kamarinos M, Cone-
Wesson B, Williamson R, Dahl HH: High frequency hearing loss
correlated with mutations in the G)JB2 gene. Hum Genet 2000,
106:399-405.

Gabriel H, Kupsch P, Sudendey ], Winterhager E, Jahnke K, Lauter-
mann J: Mutations in the connexin26/G)B2 gene are the most
common event in nonsyndromic hearing loss among the
German population. Hum Mutat 2001, 17:521-522.

Ohtsuka A, Yuge |, Kimura S, Namba A, Abe S, Van Laer L, Van Camp
G, Usami S: GJB2 deafness gene shows a specific spectrum of
mutations in Japan, including a frequent founder mutation.
Hum Genet 2003, 112:329-333.

Yu F, Han DY, Dai P, Kang DY, Zhang X, Liu X, Zhu QW, Yuan YY,
Sun Q, Xue DD, Li M, Liu J, Yuan HJ, Yang WY: Mutation of G)B2
gene in Chinese nonsyndromic hearing impairment patients:
analysis of 1190 cases. National Medical Journal of China 2007,
87:2814-2819. (in Chinese)

Grifa A, Wagner CA, D'Ambrosio L, Melchionda S, Bernardi F, Lopez-
Bigas N, Rabionet R, Arbones M, Monica MD, Estivill X, Zelante L,
Lang F, Gasparini P: Mutations in GJB6 cause nonsyndromic
autosomal dominant deafness at DFNA3 locus. Nat Genet
1999, 23:16-18.

Xia JH, Liu CY, Tang BS, Pan Q, Huang L, Dai HP, Zhang BR, Xie W,
Hu DX, Zheng D, Shi XL, Wang DA, Xia K, Yu KP, Liao XD, Feng Y,
Yang YF, Xiao ]Y, Xie DH, Huang JZ: Mutations in the gene
encoding gap junction protein beta-3 associated with auto-
somal dominant hearing impairment. Nat Genet 1998,
20:370-373.

Scott DA, Kraft ML, Carmi R, Ramesh A, Elbedour K, Yairi Y, Srisail-
apathy CR, Rosengren SS, Markham AF, Mueller RF, Lench NJ, Van
Camp G, Smith R, Sheffield VC: Identification of mutations in
the connexin 26 gene that cause autosomal recessive non-
syndromic hearing loss. Hum Mutat 1998, 11:387-394.

del Castillo FJ, Rodriguez-Ballesteros M, Alvarez A, Hutchin T, Leon-
ardi E, de Oliveira CA, Azaiez H, Brownstein Z, Avenarius MR, Marlin
S, Pandya A, Shahin H, Siemering KR, Weil D, Wuyts W, Aguirre LA,
Martin Y, Moreno-Pelayo MA, Villamar M, Avraham KB, Dahl H-HM,
Kanaan M, Nance WE, Petit C, Smith RJH, Van Camp G, Sartorato EL,
Murgia A, Moreno F, del Castillo I: A novel deletion involving the
connexin-30 gene, del(G)B6-d13s1854), found in trans with
mutations in the GJB2 gene (connexin-26) in subjects with
DFNBI non-syndromic hearing impairment. | Med Genet
2005, 42:588-594.

del Castillo |, Villamar M, Moreno-Pelayo MA, del Castillo FJ, Alvarez
A, Telleria D, Menendez I, Moreno F: A deletion involving the
connexin 30 gene in nonsyndromic hearing impairment. N
Engl ] Med 2002, 346:243-249.

Everett LA, Morsli H, Wu DK, Green ED: Expression pattern of
the mouse ortholog of the Pendred's syndrome gene (Pds)
suggests a key role for pendrin in the inner ear. Proc Natl Acad
Sci USA 1999, 96:9727-9732.

Royaux IE, Suzuki K, Mori A, Katoh R, Everett LA, Kohn LD, Green
ED: Pendrin, the protein encoded by the Pendred syndrome
gene (PDS), is an apical porter of iodide in the thyroid and is
regulated by thyroglobulin in FRTL-5 cells. Endocrinology 2000,
141:839-845.

Pryor SP, Madeo AC, Reynolds ]JC, Sarlis NJ, Arnos KS, Nance WE,
Yang Y, Zalewski CK, Brewer CC, Butman JA, Griffith A]: SLC26A4/
PDS genotype-phenotype correlation in hearing loss with
enlargement of the vestibular aqueduct (EVA): evidence
that Pendred syndrome and nonsyndromic EVA are distinct
clinical and genetic entities. | Med Genet 2005, 42:159-165.

Page 10 of 12

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9482292
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9482292
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9482292
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9482297
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9482297
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9482297
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9819448
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9819448
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9819448
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10983956
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10983956
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10982180
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10982180
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10982180
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10830906
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10830906
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11385713
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11385713
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11385713
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12560944
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12560944
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18167282
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18167282
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18167282
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10471490
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10471490
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9843210
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9843210
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9843210
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9600457
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9600457
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9600457
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15994881
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15994881
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15994881
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11807148
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11807148
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10449762
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10449762
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10449762
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10650967
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10650967
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10650967
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15689455
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15689455
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15689455

Journal of Translational Medicine 2009, 7:79

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.
34.
35.

Campbell C, Cucci RA, Prasad S, Green GE, Edeal JB, Galer CE, Kar-
niski LP, Sheffield VC, Smith RJ: Pendred syndrome, DFNB4, and
PDS/SLC26A4 identification of eight novel mutations and
possible genotype-phenotype correlations. Hum Mutat 2001,
17:403-411.

Blons H, Feldmann D, Duval V, Messaz O, Denoyelle F, Loundon N,
Sergout-Allaoui A, Houang M, Duriez F, Lacombe D, Delobel B,
Leman ], Catros H, Journel H, Drouin-Garraud V, Obstoy MF,
Toutain A, Oden S, Toublanc JE, Couderc R, Petit C, Garabedian EN,
Marlin S: Screening of SLC26A4 (PDS) gene in Pendred's syn-
drome: a large spectrum of mutations in France and pheno-
typic heterogeneity. Clin Genet 2004, 66:333-340.

Park HJ, Lee §}, Jin HS, Lee JO, Go SH, Jang HS, Moon SK, Lee SC,
Chun YM, Lee HK, Choi JY, Jung SC, Griffith AJ, Koo SK: Genetic
basis of hearing loss associated with enlarged vestibular
aqueducts in Koreans. Clin Genet 2004, 67:160-165.

Prasad S, Kolln KA, Cucci RA, Trembath RC, Van Camp G, Smith R}
Pendred syndrome and DFNB4-mutation screening of
SLC26A4 by denaturing high-performance liquid chroma-
tography and the identification of eleven novel mutations.
Am | Med Genet A 2004, 124:1-9.

Albert S, Blons H, Jonard L, Feldmann D, Chauvin P, Loundon N, Ser-
gent-Allaoui A, Houang M, Joannard A, Schmerber S, Delobel B,
Leman J, Journel H, Catros H, Dollfus H, Eliot MM, David A, Calais C,
Drouin-Garraud V, Obstoy MF, Tran Ba Huy P, Lacombe D, Duriez
F, Francannet C, Bitoun P, Petit C, Garabedian EN, Couderc R, Marlin
S, Denoyelle F: SLC26A4 gene is frequently involved in nonsyn-
dromic hearing impairment with enlarged vestibular aque-
duct in Caucasian populations. Eur | Hum Genet 2006,
14:773-779.

Wang QJ, Zhao YL, Rao SQ, Guo YF, Yuan H, Zong L, Guan J, Xu BC,
Wang DY, Han MK, Lan L, Zhai SQ, Shen Y: A distinct spectrum
of SLC26A4 mutations in patients with enlarged vestibular
aqueduct in China. Clin Genet 2007, 72:245-54.

Park H), Shaukat S, Liu XZ, Hahn SH, Naz S, Ghosh M, Kim HN, Moon
SK, Abe S, Tukamoto K, Riazuddin S, Kabra M, Erdenetungalag R, Rad-
naabazar J, Khan S, Pandya A, Usami SI, Nance WE, Wilcox ER, Ria-
zuddin S, Griffith AJ: Origins and frequencies of SLC26A4 (PDS)
mutations in east and south Asians: global implications for
the epidemiology of deafness. | Med Genet 2003, 40:242-248.
Hutchin T, Coy NN, Conlon H, Telford E, Bromelow K, Blaydon D,
Taylor G, Coghill E, Brown S, Trembath R, Liu XZ, Bitner-Glindzicz
M, Mueller R: Assessment of the genetic causes of recessive
childhood nonsyndromic deafness in the UK - implications
for genetic testing. Clin Genet 2005, 68:506-512.
Fischel-Ghodsian N: Mitochondrial genetics and hearing loss:
the missing link between genotype and phenotype. Proc Soc
Exp Biol Med 1998, 218:1-6.

Hutchin TP, Cortopassi GA: Mitochondrial defects and hearing
loss. Cell Mol Life Sci 2000, 57:1927-1937.

Zhao H, Li R, Wang Q, Yan Q, Deng JH, Han D, Bai Y, Young WY,
Guan MX: Maternally inherited aminoglycoside-induced and
nonsyndromic deafness is associated with the novel C1494T
mutation in the mitochondrial 12S rRNA gene in a large Chi-
nese family. Am | Hum Genet 2004, 74:139-152.

del Castillo FJ, Rodriguez-Ballesteros M, Martin Y, Arellano B, Gallo-
Teran |, Morales-Angulo C, Ramirez-Camacho R, Cruz Tapia M,
Solanellas ], Martinez-Conde A, Villamar M, Moreno-Pelayo MA,
Moreno F, del Castillo I: Heteroplasmy for the 1555A>G muta-
tion in the mitochondrial 12S rRNA gene in six Spanish fam-
ilies with non-syndromic hearing loss. | Med Genet 2003,
40:632-636.

Li R, Xing G, Yan M, Cao X, Liu XZ, Bu X, Guan MX: Cosegregation
of C-insertion at position 961 with the A1555G mutation of
the mitochondrial 12S rRNA gene in a large Chinese family
with maternally inherited hearing loss. Am | Med Genet A 2004,
124:113-117.

Bitner-Glindzicz M: Hereditary deafness and phenotyping in
humans. Br Med Bull 2002, 3:73-94.

Hutchin TP, Cortopassi GA: Mitochondrial defects and hearing
loss. Cell Mol Life Sci 2000, 57:1927-1937.

Guan MX, Enriquez JA, Fischel-Ghodsian N, Puranam RS, Lin CP, Maw
MA, Attardi G: The deafness-associated mitochondrial DNA
mutation at position which affects tRNASer(UCN) precur-
sor processing, has long-range effects on NADH dehydroge-

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51,

52.

53.

http://www.translational-medicine.com/content/7/1/79

nase subunit NDé6 gene expression. Mol Cell Biol 7445,
18:5868-5879.

Kupka S, Toth T, Wrobel M, Zeissler U, Szyfter W, Szyfter K,
Niedzielska G, Bal |, Zenner HP, Sziklai |, Blin N, Pfister M: Mutation
AI1555G in the 12S rRNA gene and its epidemiological
importance in German, Hungarian, and Polish patients. Hum
Mutat 2002, 19:308-309.

Ostergaard E, Montserrat-Sentis B, Gronskov K, Brondum-Nielsen K:
The A1555G mtDNA mutation in Danish hearing-impaired
patients: frequency and clinical signs. Clin Genet 2002,
62:303-305.

Tekin M, Duman T, Bogoclu G, Incesulu A, Comak E, Fitoz S, Yilmaz
E, llhan I, Akar N: Frequency of mtDNA AI1555G and A7445G
mutations among children with prelingual deafness in Tur-
key. Eur | Pediatr 2003, 162:154-158.

Li R, Greinwald JH Jr, Yang L, Choo DI, Wenstrup R, Guan MX:
Molecular analysis of the mitochondrial 12S rRNA and
tRNASer(UCN) genes in paediatric subjects with nonsyn-
dromic hearing loss. | Med Genet 2004, 41:615-620.

Jacobs HT, Hutchin TP, Kappi T, Gillies G, Minkkinen K, Walker J,
Thompson K, Rovio AT, Carella M, Melchionda S, Zelante L,
Gasparini P, Pyykko I, Shah ZH, Zeviani M, Mueller RF: Mitochon-
drial DNA mutations in patients with postlingual, nonsyn-
dromic hearing impairment. Eur | Hum Genet 2005, 13:26-33.
Liu X, Dai P, Huang DL, Yuan HJ, Li WM, Cao JY, Yu F, Zhang RN, Lin
HY, Zhu XH, He Y, Yu Y], Yao K: Large-scale screening of
mtDNA AI555G mutation in China and its significance in
prevention of aminoglycoside antibiotic induced deafness.
Zhonghua Yi Xue Za Zhi 2006, 86:1318-22. (in Chinese)

Usami S, Abe S, Akita J, Namba A, Shinkawa H, Ishii M, Iwasaki S,
Hoshino T, Ito J, Doi K, Kubo T, Nakagawa T, Komiyama S, Tono T,
Komune S: Prevalence of mitochondrial gene mutations
among hearing impaired patients. | Med Genet 2000, 37:38-40.
Malik SG, Pieter N, Sudoyo H, Kadir A, Marzuki S: Prevalence of
the mitochondrial DNA A1555G mutation in sensorineural
deafness patients in island Southeast Asia. | Hum Genet 2003,
48:480-483.

Richard G, White TW, Smith LE, Bailey RA, Compton )G, Paul DL,
Bale SJ: Functional defects of Cx26 resulting from a hetero-
zygous missense mutation in a family with dominant deaf-
mutism and palmoplantar keratoderma. Hum Genet 1998,
103:393-399.

Hwa HL, Ko TM, Hsu CJ, Huang CH, Chiang YL, Oong JL, Chen CC,
Hsu CK: Mutation spectrum of the connexin 26 (GJB2) gene
in Taiwanese patients with prelingual deafness. Genet Med
2003, 5:161-165.

Abe S, Usami S, Shinkawa H, Kelley PM, Kimberling W|: Prevalent
connexin 26 gene (GJB2) mutations in Japanese. | Med Genet
2000, 37:41-43.

Shi GZ, Gong LX, Xu XH, Nie WY, Lin Q, Qi YS: G)B2 gene muta-
tions in newborns with non-syndromic hearing impairment
in Northern China. Hear Res 2004, 197:19-23.

Wang YC, Kung CY, Su MC, Su CC, Hsu HM, Tsai CC, Lin CC, Li SY:
Mutations of Cx26 gene (G)B2) for prelingual deafness in
Taiwan. Eur | Hum Genet 2002, 10:495-498.

Green GE, Scott DA, McDonald JM, Woodworth GG, Sheffield VC,
Smith RJH: Carrier Rate of the Midwestern United States For
GJB2 Mutations Causing Inherited Deafness. JAMA 1999,
281:2211-2216.

Tsukamoto K, Suzuki H, Harada D, Namba A, Abe S, Usami S: Dis-
tribution and frequencies of PDS (SLC26A4) mutations in
Pendred syndrome and nonsyndromic hearing loss associ-
ated with enlarged vestibular aqueduct: a unique spectrum
of mutations in Japanese. Eur | Hum Genet 2003, 11:916-922.
Gao WH, Ke XM, Liu YH, Zhu P, Pan KF: Study of the relation
between Cx31 gene and hereditary hearing impairment.
Zhonghua Er Bi Yan Hou Ke Za Zhi 2004, 39:344-338. (in Chinese)
Vockley ], Rinaldo P, Bennett M], Matern D, Vladutiu GD: Synergis-
tic heterozygosity: disease resulting from multiple partial
defects in one or more metabolic pathways. Mol Genet Metab
2000, 71:10-18.

Tang HY, Fang P, Ward PA, Schmitt E, Darilek S, Manolidis S, Oghalai
J, Roa BB, Alford RL: DNA sequence analysis of GJB2, encoding
connexin 26: Observations from a population of hearing
impaired cases and variable carrier rates, complex geno-

Page 11 of 12

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11317356
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11317356
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11317356
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15355436
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15355436
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15355436
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16570074
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16570074
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16570074
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17718863
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17718863
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17718863
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12676893
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12676893
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12676893
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16283880
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16283880
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16283880
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9572147
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9572147
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11215518
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11215518
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14681830
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14681830
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14681830
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12920080
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12920080
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12920080
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11215518
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11215518
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11857751
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11857751
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11857751
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12372057
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12372057
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12372057
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12655418
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12655418
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12655418
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15286157
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15286157
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15286157
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15292920
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15292920
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15292920
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16796900
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16796900
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10633132
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10633132
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12955586
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12955586
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12955586
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9856479
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9856479
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9856479
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12792423
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12792423
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10633133
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15504600
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15504600
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15504600
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12111646
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12111646
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12111646
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10376574
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10376574
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14508505
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14508505
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14508505
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15469079
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15469079
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11001791
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11001791
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11001791
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17041943
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17041943
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17041943

Journal of Translational Medicine 2009, 7:79 http://www.translational-medicine.com/content/7/1/79

types and ethnic stratification of alleles among controls. Am
J Med Genet 2006, 140:2401-2415.

54. Engel-Yeger B, Zaaroura S, Zlotogora J, Shalev S, Hujeirat Y, Car-
rasquillo M, Barges S, Pratt H: The effects of a connexin 26 muta-
tion--35delG--on oto-acoustic emissions and brainstem
evoked potentials: homozygotes and carriers. Hear Res 2002,
163:93-100.

55. Téth T, Kupka S, Haack B, Fazakas F, Muszbek L, Blin N, Pfister M,
Sziklai I: Coincidence of mutations in different connexin genes
in Hungarian patients. Int | Mol Med 2007, 20:315-21.

56. Abe S, Kelley PM, Kimberling W), Usami Sl: Connexin 26 gene
(GJB2) mutation modulates the severity of hearing loss asso-
ciated with the 1555A—G mitochondrial mutation. Am | Med
Genet 2001, 103:334-338.

57. DaiP, Yuan YY, Huang DL, Yaping Q, Xin L, Dongyi H, Huijun Y, Xin-
jiang W, Wie-Yen Y, Min-Xin G: Extremely low penetrance of
deafness associated with the mitochondrial 12S rRNA
1095T>C mutation in three Chinese families. Biochem Biophys
Res Commun 2006, 348:200-205.

58. Pandya A, Erdenetungalag R, Xia X, Welch KO, Radnaabazar J, Dan-
gaasuren B, Arnos KS, Nance WE: The role and frequency of
mitochondrial mutations in two distinct populations: The
USA and Mongolia. The Molecular Biology of Hearing and Deafness.
Bethesda, MD 2001:4-7.

59. Yao YG, Salas A, Bravi CM, Bandelt HJ: A reappraisal of complete
mtDNA variation in East Asian families with hearing impair-
ment. Hum Genet 2006, 119:505-515.

60. Richard G, Smith LE, Bailey RA, Itin P, Hohl D, Epstein EH Jr, DiGio-
vanna JJ, Compton |G, Bale SJ: Mutations in the human connexin
gene GJB3 cause erythrokeratodermia variabilis. Nat Genet
1998, 20:366-369.

61. Liu XZ, Yuan Y, Yan D, Ding EH, Ouyang XM, Fei Y, Tang W, Yuan
H, Chang Q, Du LL, Zhang X, Wang G, Ahmad S, Kang DY, Lin X, Dai
P: Digenic inheritance of non-syndromic deafness caused by
mutations at the gap junction proteins Cx26 and Cx31. Hum
Genet 2009, 125:53-62.

Publish with Bio Med Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and published immediately upon acceptance
« cited in PubMed and archived on PubMed Central
« yours — you keep the copyright

Submit your manuscript here: O BioMedcentral
http://www.biomedcentral.com/info/publishing_adv.asp

Page 12 of 12

(page number not for citation purposes)



http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17041943
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11788203
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11788203
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11788203
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17671735
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17671735
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11746015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16875663
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16875663
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16875663
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16528519
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16528519
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16528519
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9843209
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9843209
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19050930
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19050930
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Methods
	Results
	Conclusion

	Introduction
	Materials and methods
	Patients and DNA samples
	Mutational analysis
	CT scan and thyroid examination

	Results
	GJB2 gene mutations
	Mutations in GJB6
	Mutations in mtDNA 12S rRNA and tRNAser(UCN)
	Mutations in SLC26A4
	CT scan
	Thyroid ultrasound and thyroid hormone assays
	Mutations in GJB3

	Discussion
	GJB2 gene
	SLC26A4 gene
	mtDNA 12S rRNA and mtDNA tRNAser(UCN)
	GJB3 gene

	Conclusion
	Competing interests
	Authors' contributions
	Acknowledgements
	References

