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Abstract
Objective—Mutations in the GJB2, GJB6 and SLC26A4 genes are a frequent cause of hearing loss
in a number of populations. However, little is known about the genetic causes of hearing loss in the
Korean population.

Methods—We sequenced the GJB2 and GJB6 genes to examine the role of mutations in these genes
in twenty-two hearing loss patients. We also sequenced the SLC26A4 gene in seven patients with
inner ear malformations, including enlarged vestibular aqueduct (EVA) revealed by computer
tomography.

Results—Coding sequence mutations in GJB2 were identified in 13.6% of the patients screened.
Two different mutations, 235delC and T86R were found in three unrelated patients. The 235delC
was the most prevalent mutation with an allele frequency of 6.9% in our patient group. No mutations,
including 342 kb deletion, were found in GJB6 gene. Three different variants of SLC26A4 were
identified in the EVA patients, including one novel mutation. Four EVA patients carried two mutant
alleles of SLC26A4, and at least one allele in all patients was the H723R mutation, which accounted
for 75% of all mutant alleles.

Conclusions—Our results suggest that GJB2 and SLC26A4 mutations together make up a major
cause of congenital hearing loss in the Korean population. Further studies may be able to identify
other common variants that account for a significant fraction of hearing loss in the Korean population.
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1. Introduction
Congenital hearing loss is one of the most common sensory impairments in humans, occurring
in approximately one in 1000 live births. More than 50% of these cases are hereditary [1]. Of
the hearing loss disorders attributable to genetic causes, approximately 70% are classified as
nonsyndromic since hearing impairment is the only symptom while 30% are classified as
syndromic and are associated with other clinical features. Hereditary hearing loss can also be
divided by the mode of inheritance. The majority of cases, up to ~80%, shows autosomal
recessive transmission, while 15–20% of the cases are autosomal dominant, and the remaining
show X-linked or mitochondrial inheritance [2].

To date, approximately 120 genetic loci have been mapped as sites of genes causally related
to nonsyndromic hearing loci, and 41 different causative genes, encoding proteins with a wide
variety of functions, have been identified [3]. Among these genes, mutations in the GJB2
(connexin 26) (OMIM 121011) are responsible for approximately half of cases of autosomal
recessive nonsyndromic hearing loss (ARNSHL) in many populations [3,4]. So far, more than
100 different mutations in GJB2 have been reported to be associated with recessive hearing
loss. However, a few GJB2 mutations have been described to be associated with autosomal
dominant hearing loss [5]. Among the recessive mutations, 35delG is the most frequent in
Caucasians, 167delT in Ashkenazi Jews, 235delC in East Asians, and R143W in Africans,
suggesting the existence of founder effects in different ethnic groups [6–18]. In addition, some
studies have shown the high prevalence of the IVS1 + 1G to A mutation in the non-coding part
of the GJB2 gene [19,20].

Recently, it has been shown that mutations in GJB6, the gene encoding connexin 30, are another
common cause of hearing loss [21]. In particular, a 342 kb deletion disrupting the GJB6 gene
(delGJB6-D13S1830) is common in patients from Spain, France, Germany, the United
Kingdom, Brazil, and Ashkenazi Jews [22–26]. This mutation is found in both monogenic del
(GJB6-D13S1830) and digenic GJB2/del (GJB6-D13S1830) patterns of inheritance.

Despite the high prevalence of GJB2 and GJB6 gene mutations in western populations, these
mutations seem to account for a smaller percentage of hereditary hearing loss in Asian
populations. It has been suggested that mutations in GJB2 account for 10% of hearing loss in
Korea and 20–30% in Japan, but the frequency of GJB6 mutations in these populations is
unknown [27,28]. In contrast, mutations of SLC26A4 gene which are responsible for both
Pendred syndrome (PS) and nonsyndromic hearing loss with enlarged vestibular aqueduct
(EVA) (DFNB4, OMIM 600791) appear to be common in Asian populations. Such mutations
account for approximately 5% of recessive hearing loss in Asians [29]. Moreover, Park et al.
(2004) have shown that a high proportion of Korean hearing loss patients with EVA have
mutations of this gene, and five mutations account for 80% of all mutant alleles [30].

Since no reports have yet provided a systematic study of the prevalence of GJB2, GJB6 and
SLC26A4 gene mutations in Korean population, we decided to analyze the each gene in the
Korean hearing loss patients in order to better characterize the prevalence of GJB2, GJB6, and
SLC26A4 gene mutations in the Korean population.

2. Materials and Methods
2.1. Patients

A total of twenty-nine subjects with hearing impairment were recruited from the Department
of Otorhinolaryngology-Head and Neck Surgery, Kyungpook National University Hospital,
Daegu, Korea. There were 15 female and 14 male patients, with an age range of 2 to 51 years
(mean age, 18.2 years). Nineteen of the cases had affected relatives and 10 were sporadic.
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After a complete physical and otoscopic examination, audiological studies were carried out
including pure tone audiometry, tympanometry, or auditory brainstem response in a sound
treated room. Pure-tone average (PTA) was calculated as an average of the threshold measured
at 0.5, 1.0, 2.0 and 3.0 KHz for comparing subgroups of patients. The level of hearing loss is
described as follows depending on PTA: normal hearing, below 20 dB; mild hearing
impairment; 21 to 40 dB; moderate hearing impairment, 41 to 70 dB; severe hearing
impairment, 71 to 95 dB; and profound hearing impairment above 95 dB. In 20 of 29 patients
with hearing loss it was possible to perform temporal bone computed tomography (CT) to
search for inner ear malformation. All patients with unilateral hearing loss, past history of
meningitis, head trauma, noise trauma, infectious disease associated with hearing loss, and
other acquired hearing loss were excluded from the study. DNA samples from 50 unrelated
normal Koreans were used as controls. All participants provided written informed consent
according to the protocol approved by the Ethics Committee of Kyungpook National University
Hospital prior to the study.

2.2. Molecular Genetic Analysis
We sequenced the GJB2 and GJB6 genes in twenty-two hearing loss patients. We also
sequenced the SLC26A4 gene in seven patients with inner ear malformations revealed by
computer tomography.

Genomic DNA was extracted from peripheral blood using FlexiGene DNA extraction kit
(QIAGEN, Hilden, Germany).

For the analysis of the GJB2, the entire region including non-coding exon1 were amplified by
polymerase chain reaction (PCR) using the appropriate intronic primer sets reported previously
[19,31]. For the study of GJB6 and SLC26A4 genes, all the exons including exon-intron
bounderies of each gene were amplified by polymerase chain reaction (PCR) using the primer
sets reported previously [24,32] and designed by Primer 3.0 software. PCR was performed in
a total of 25 µl reaction, containing 0.2 mM of each deoxynucleotide, 15 pmol of each forward
and reverse primers, 1.0–1.5 mM MgCl2, 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 0.75 U of
Taq DNA polymerase (Solgent, Korea), and 25 ng of genomic DNA. PCR conditions were as
follows: 35 cycles of denaturation at 95°C for 30 sec; annealing at 55°C or 57°C, depending
on the primers for 30 sec; and extension at 72°C for 1 min. The first denaturation step and the
last extension step were at 95°C for 2 min and 72°C for 10 min, respectively. Five microliters
of the PCR products were separated and visualized on a 2% agarose gel. Fifteen microliters of
this PCR product were then treated with 0.3U of shrimp alkaline phosphatase (USB) and 3U
of exonuclease I (USB) at 37°C for 1 hr, followed by incubation at 80°C for 15 min. This was
diluted with an equal volume of dH2O, and 6 µl was used for the final sequencing reaction.
Sequencing reactions were performed in both directions on the PCR products in reactions
containing 5 pmol of primer, 0.25 µl of ABI Big Dye Terminator v3.1 Cycle Sequencing Kit,
and 1 µl of a dilution buffer (400 mM Tris-HCl, pH 9 and 10 mM MgCl2). Cycling conditions
were 95°C for 2 min followed by 35 cycles of 94°C for 20 sec, 55°C for 20 sec, and 60°C for
4 min. Sequencing reaction products were ethanol precipitated, and the pellets were
resuspended in 10 µl of formamide loading dye. An ABI 3130XL DNA sequencer was used
to resolve the products, and data was analyzed by using ABI sequencing Analysis (v.5.0) and
LASERGENE-SeqMan software.

The 342 kb deletion of GJB6 gene (GJB6-D13S1830), was assayed by PCR using an internal
primer that is located in the deleted segment of GJB6 as previously reported by del Castillo et
al., 2002 [24]. Using these primers, two different PCR products were obtained, providing
discrimination of homozygous wild-type (651bp product), homozygous deleted (405bp
product), and heterozygous (both products) in a single reaction. The PCR products were
electrophoresed on 2% agarose gel and visualized with ethidium bromide staining.
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One novel missense mutation in SLC26A4 gene was evaluated for potential pathogenicity using
SIFT (http://blocks.fhcrc.org/sift/SIFT.html) and SNPs3D (http://www.snps3d.org) and by
multiple sequence alignment using ClustalX
(www-igbmc.u-strasbg.fr/BioInfo/ClustalX/Top.html).

3. Results
3.1. Clinical features of patients with congenital hearing loss

Twenty-nine patients had congenital moderate to profound sensorineural hearing loss. The
PTAs of these patients were over 40 dB in both right and left ears, and 6 patients (20.7%) had
moderate hearing loss, 12 patients (41.4%) had severe hearing loss, and in 11 patients (37.9%),
hearing loss was profound.

Twenty patients with hearing loss were evaluated by temporal bone CT. Seven of these patients
were found to have inner ear malformations. Three of 7 patients had bilateral EVA which was
defined as greater than 1.5 mm width of the vestibular aqueduct at the middle portion between
the endolymphatic sac and the vestibule, as described by Valvassori and Clemis [33].
Incomplete partition of cochlea described as Mondini’s malformation [34] was found in 2 in
7 patients and 2 of 7 had Mondini’s malformation with bilateral EVA.

3.2. Molecular Analyses
Table 1 shows the demographic features, audiometric features, radiological abnormalities, and
genotypes of the patients with hearing impairments in the present study. Two patients
homozygous for 235delC had profound hearing loss over 90 dB HEARING LOSS in pure tone
audiometry respectively. The PTAs of 7 patients with inner ear malformations revealed
moderate to profound hearing loss. Figure 1 shows the audiograms of the different genotypic
classes of patients.

GJB2 gene—Molecular analysis of the entire GJB2 gene including non-coding exon 1 was
performed in twenty-two patients. Two different mutations were identified in the coding region
(Table 1). Two patients were homozygous for 235delC, which has been described as the most
frequent mutation in the Korean population [27]. We also detected a coding sequence variant
which was homozygous for threonine to arginine change at the position 86 (T86R) in one
patient. This variant was not observed in 100 normal Korean chromosomes and encoded
changes in amino acids that are conserved across humans, mice, and rats, further supporting
our hypothesis that it is causative for hearing loss. Three previously described polymorphisms,
V27I, E114G, and I203T, were also found in both patients and in controls. The minor allele
frequencies of V27I and E114G variants were 22.9 and 6.3% respectively, but I203T was found
only in two heterozygotes, suggesting it is rare in Koreans.

GJB6 gene—The 342 kb deletion in GJB6 was not detected in the patients and 50 normal
Korean controls examined. We also sequenced the coding region of GJB6, but did not find any
variants in these patients.

SLC26A4 gene—We observed two known pathogenic variants in the SLC26A4 gene in
unrelated Korean patients with EVA. One was an adenine to guanine change at position +3
transition donor splice site of intron 9 (IVS9+3A>G), while the second was a histidine to
arginine change at position 723 (H723R). H723R was the most common mutation we observed,
accounting for 75% of all the mutant alleles. H723R was identified in the homozygous state
in two patients. Figure 2 shows the sequence of this gene in one of the patients and his family
members and images showing bilateral EVA with Mondini’s malformation from temporal bone
CT scans. H723R was observed in the compound heterozygous state in other two patients. In
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one of the heterozygote cases, the SLC26A4 mutation at IVS9+3A>G was observed on the
other chromosome. In the other case, a novel mutation, Q421P, was observed in the other copy
of the SLC26A4 gene (Fig. 3A). This variant was not observed in 100 normal Korean control
chromosomes, and has not been reported in other populations. To evaluate the evolutionary
conservation of the amino acid affected by this mutation, we made an alignment of pendrin
amino acid sequences of human with other species. As shown in Figure 3B, glutamine at this
position is evolutionarily conserved. In three patients with inner ear malformation , no
SLC26A4 mutation was detected.

4. Discussion
We investigated the DNA sequence of the GJB2, GJB6, and SLC26A4 genes in Korean hearing
loss patients. Mutations in the GJB2 gene are a major contributor to autosomal recessive
hearing loss and also constitute a small percentage of autosomal dominant hearing loss in many
populations [35]. In this study, we screened the entire GJB2 gene including the non-coding
region for the first time in Korean hearing loss patients. GJB2 mutations were identified in
three unrelated patients. All of these mutations occur in the coding region, and they occurred
at two different sites, 235delC and T86R. The 235delC, which we observed 4 times, was the
most prevalent mutation. The T86R mutation has been reported previously in a Japanese group
but was found in Koreans for the first time in this study [7]. The T86R is located in the second
transmembrane domain (M2) which is essential for oligomerization to form the connexon
hemichannel [36]. The substitution of threonine for arginine results in a change from polar
uncharged amino acid to positively charged amino acid, which may affect the tertiary structure
and function of the connexin protein. Absence of this mutation in the normal population and
a previously observed missense mutation at the same position suggest that this mutation is
causative for hearing loss. Additional proof of this hypothesis could come from a functional
assay for this mutation in vitro. Our study further supports the view that mutations in GJB2
gene are a less common cause of hearing loss in East Asian populations compared to
Caucasians. We did not find GJB6 coding region variants or del(GJB6-D13S1830) in any of
the patients. Our result is consistent with the results of Liu et al. (2002), who did not detect
this mutation in a sample from the Chinese population [37]. Since a number of other studies
also found a low frequency or absence of this mutation in different populations, including
Austrian, Russian, and Moroccan [23,38–41], this deletion may be restricted to certain
populations [23].

We performed nucleotide sequence analysis of SLC26A4 gene from seven unrelated Korean
patients affected with inner ear malformations. Four patients carried three mutant alleles, and
the H723R mutation accounted for the majority of all mutant alleles. Previous studies
demonstrated that different ethnic populations can have their own distinctive, diverse series of
SLC26A4 mutant alleles, which can include one or a few prevalent founder alleles [31,42]. The
mutations, IVS8+1G>A, L236P, and T416P, account for nearly half of all SLC26A4 mutation
alleles in Caucasians. In contrast, H723R, IVS7-2A>G, and IVS9+3A>G account for the
majority of SLC26A4 mutations in East Asian populations. Combined with the results of Park
et al. (2004) and Cho et al. (2006), our data indicate the H723R mutation accounts for
approximately 40% of SLC26A4 mutations in Korea, which is similar to the 53% observed in
Japanese patients [30,43]. Our observations confirm that H723R is the most frequently detected
mutation in both Korean and Japanese populations, perhaps as a result of a common founder
effect. In addition to two common mutations, the novel Q421P mutation was identified in this
study. The Q421R mutation at the same position was reported in the study of Prasad et al.
(2004) [44] and the functional studies of the similar location such as T416P mutation suggest
that the change of amino acid at this position occurred the cause of disease [45,46]. We
demonstrated severe to profound hearing impairment in 7 patients with inner ear
malformations, consistent with the results of previous studies [30,42]. The phenotypic features
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of SLC26A4 mutations are variable, ranging from typical PS to nonsyndromic recessive hearing
loss associated with EVA (DFNB4). In this study, none of 7 patients with bilateral EVA had
a goiter. Although these young patients do not have a goiter, the clinical diagnosis is difficult
to differentiate from PS because the goiter usually is not developed until adolescence [47].
Thus, it will be of interest to follow up the clinical features of these patients as they progress
to adolescence.

In conclusion, GJB2 and SLC26A4 mutations appear to be responsible for major cause of
congenital hearing loss in the Korean population. Further studies may be able to identify other
common variants that account for a significant fraction of hearing loss in the Korean population.
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Figure 1.
The audiograms of the different genotypic classes of patientsshow a diversity of hearing
threshold (no audiogram is available for T86R, only ABR data).
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Figure 2.
(A) Pedigree of family with the H723R mutation. Filled symbol indicates affected person. The
proband is marked with an arrow. (B) Direct sequencing chromatographs of the H723R
mutation. Father, mother, sister, brother panel: the heterozygote of the H723R mutation.
Proband panel: the homozygote of the H723R mutation. Missense mutation at nucleotide 2168
in exon 19 substituted arginine for histidine at amino acide 723. (C) Temporal bone CT images
of the inner ear in the proband with bilateral EVA and Mondini’s malformation. The vestibular
aqueducts in both ears are enlarged (white arrow). And the lateral semicircular canal and
vestibule of both ears are dilated (asterisk). There are cochleae with incomplete partition (black
arrow). Interscalar septum is absent between the each cochlear turns.
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Figure 3.
(A) Sequencing traces showing the Q421P/H723R compound heterozygote. (B) Multiple-
sequence alignment of selected proteins with significant sequence homology to human pendrin.
The amino-acid sequence of human pendrin is aligned relative to the sequences of other species.
The arrow denotes the missnese mutation detected in our study.
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