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Mutations in the GJB2 gene encoding the gap-junction protein connexin 26 have been 
identified in many patients with childhood hearing impairment (HI). One single mutation, 
c.35delG, accounts for the majority of mutations in Caucasian patients with HI. In the 
present study we screened 500 healthy control individuals and a group of patients with HI 
from Northeastern Hungary for GJB2 mutations. The patients’ group consisted of 102 
familial from 28 families and 92 non-familial cases. The most common mutation in the 
Hungarian population is the c.35delG, followed by the c.71G>A (p.W24X) mutation. 34.3% 
of the patients in the familial group were homozygous, and 17.6% heterozygous for 35delG. 
In the non-familial group the respective values were 37% and 18% (allele frequency: 
46.2%). In the general population an allele frequency of 2.4% was determined. Several 
patients were identified with additional, already described or new GJB2 mutations, mostly in 
heterozygous state. The mutation c.380G>A (p.R127H) was formerly found only in 
heterozygous state and its disease relation was controversial. We demonstrated the presence 
of this mutation in a family with three homozygous patients and 4 heterozygous unaffected 
family members, a clear indication of recessively inherited HI. Furthermore, we provided 
evidence for the pathogenic role of two new mutations, c.51C>A (p.S17Y) and c.177G>T 
(p.G59V), detected in the present study. In the latter case the pattern of inheritance might be 
dominant. Our results confirm the importance of GJB2 mutations in the Hungarian 
population displaying mutation frequencies that are comparable with those in the 
Mediterranean area. © 2004 Wiley-Liss, Inc. 
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INTRODUCTION 

Millions of people throughout the world are affected by hearing impairment (HI), one of the most common 
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sensory disabilities that may drastically limit the quality of life. Hearing impairment is caused by several 
environmental and genetic factors and the proportion attributed to inherited causes steadily increases. About one 
child in a thousand is born with prelingual hearing loss and at least in half of these cases the disease is inherited. 
Non-syndromic forms outnumber syndromic forms of HI. They account for approximately 70% of genetic HI and 
seem to be monogenic in the majority of patients. The pattern of inheritance is autosomal recessive in about 80% 
of the cases, autosomal dominant in about 10-15%, X-linked in approximately 1-3% and mitochondrial in less than 
1% (Morton, 1991). Linkage studies have demonstrated tremendous genetic heterogeneity in inherited forms of HI 
with different mutations in a given gene leading to a variety of phenotypes. 

Using families with inherited recessive hearing impairment (DFNB), more than 70 loci and more than 30 genes 
responsible for non-syndromic hearing impairment (NSHI) have been mapped on human chromosomes (Van 
Camp and Smith, 2003). Although DFNB originally denotes loci for autosomal recessive non-syndromic HI 
involvement of DFNB genes can also be found in autosomal recessive syndromes. HI caused by DFNB mutations 
is usually congenital and stationary. The most frequently involved DFNB gene, GJB2 (MIM# 121011), segregates 
to the DFNB1 locus on 13q12 and it codes for the protein connexin 26. Mutations in GJB2 are responsible for 
approximately 60% of prelingual, non-syndromic, recessive hearing loss in the Caucasian population. The carrier 
frequency varies from 2 to nearly 5% depending on ethnic groups (Gasparini et al., 2000). More than 70 mutations 
have been described for the GJB2 gene. The most common mutation associated with DFNB1 hearing loss is a 
deletion of one out of six subsequent guanines in the coding region of GJB2 (c.35delG). Although in most cases 
mutations in GJB2 are responsible for recessive non-syndromic HI, at least 6 mutations seem to be associated with 
dominant and 7 with syndromic HI (Van Camp and Smith, 2003). In this study, we report mutation analysis of the 
GJB2 gene in 500 healthy controls and 194 patients with moderate to profound HI. The data are used to assess the 
impact of GJB2 mutations as the cause of congenital sensorineural HI in the Hungarian population. 

MATERIAL AND METHODS 

Subjects and selection criteria 

All subjects participating in the study were from the Northeastern part of Hungary. Hundred and seventy-six 
patients with congenital non-syndromic sensorineural hearing impairment were recruited from the outpatient 
service of the Department of Otolaryngology, University of Debrecen. Ninety-two of them represented the only 
affected member in their family and they were classified as non-familial cases including 41 males and 51 females. 
The age of the patients varied between 1 and 75 years (mean: 24.6 years). Hundred and two patients originating 
from 28 families had at least one first- or second-degree relative having prelingual hearing loss. With the exception 
of a single family (family 17), consanguinity could not be demonstrated in the patients’ groups. The hearing 
disorder was sensorineural and bilateral in all cases. Information on the medical history and pedigree structure was 
obtained in personal interviews with the affected individuals or with their unaffected relatives. Written informed 
consent was obtained from all participants and from parents of patients younger than 18 years. Control cases were 
collected comprising 500 individuals with normal hearing also originating from Northeastern Hungary. The study 
was approved by the Ethics Committee of the University of Debrecen. 

Audiological methods 

All patients involved in the study underwent otoscopic and audiometric examinations by using age-appropriate 
methods. Pure-tone threshold audiograms, tympanometry and auditory brainstem response were obtained in a 
soundproof room according to current clinical standards. The audiometric configuration was classified according 
to the guidelines of the European Work Group on Genetics of Hearing Impairment (European Work Group on 
Genetics of Hearing Impairment, Info letter 1996). 

Genetic analysis 

Six ml anticoagulated venous blood were obtained from all affected patients and DNA was extracted according 
to standard protocols. Mutation c.35delG was tested using the method described by Storm et al. (1999). The 
following primer pair was used for PCR of the c.71G>A (W24X) mutation: GGTGAGGTTGTGTAACAGTTG 
(primer F), GAAAAATGAAGAGGACGGTGG (primer R). The primer set generates a PCR product of 178 bp. 
AsuI enzyme recognizes the sequence G/GNCC. The PCR product of individuals without mutation was cleaved by 
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AsuI into products of 155 bp and 23 bp, while the mutant PCR product remained uncleaved. Primer S17Yrev 
(CCAGATCTTTCCAATGCTGCTG) was used in combination with primer 1F (AGACTCAGAGAAGTCTCCC 
TG) generating a 172 bp PCR product for the detection of mutation c.51C>A (S17Y). The mutagenesis primer 
S17Yrev introduces a restriction site for GsuI (133bp and 39 bp products), which is destroyed by the mutation. 
Using primer 1F/3R a 393 bp PCR product was amplified. Mutation c.177G>T (G59V) destroys one of the two 
restriction sites for ScrFI within this PCR fragment. Therefore, an individual heterozygous for the mutation shows 
four bands (273, 145, 128 and 118 bp) whereas a person without mutation shows only three bands (145, 128 and 
118 bp). Individuals heterozygous for the c.35delG mutation and patients without this mutation were characterized 
by direct sequencing of the encoding region of the GJB2 gene (Kupka et al., 2002). The PCR products were 
extracted from gels (Gel Extraction Kit, Qiagen) and sequenced with five primers on an ABI 377 automated 
fluorescent-dye sequencer. Detected mutations were confirmed at least two times and on both DNA strands. 
Sequences were compared with GenBank No. AF281280.1 using the DNAsis software (MWG). 

Segregation analysis 

Microsatellite markers for segregation analysis of family No.17 were chosen from the NCBI UniSTS database 
(http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?db=unists). PCR was performed with fluorescent labeled 
primers under standard conditions and analyzed on an ABI310 (Applied Biosystems) or CEQ8000 (Beckman 
Coulter) sequencer. 

RESULTS AND DISCUSSION 

GJB2 sequence variants detected in Hungarian hearing impaired patients and genotypes of affected individuals 
are summarized in Table 1.  

Table1: Summary of GJB2 Sequence Variants Detected in Hungarian Patients 

cDNA Protein Protein  Amino acid genotype/ Inheritance Reference 

Change*  change domain  substitution hearing impaired patients     

c.35delG L10fs IC1 frameshift several combinations [S,F] recessive Zelante, 1997 

c.31_45del14 G11fs IC1 frameshift [c.35delG] + [c.31_45del14] [S] recessive Murgia, 1999 

c.51C>A S17Y IC1 polar>polar [c.35delG] + [c.51C>A] [S] recessive this study 

c.56G>C S19T IC1 polar>polar [c.35delG] + [c.94C>T + c.56G>C] [F] recessive Rabionet, 2000 

c.71G>A W24X TM1 Nonpolar>Stop [c.35delG] + [c.71G>A] [S,F] recessive Kelsell, 1997 

        [c.71G>A] +[c.71G>A] [S]     

c.94C>T R32C TM1 basic>nonpolar [c.35delG] + [c.94C>T + c.56G>C] [F] not determined Prasad, 2000 

c.101T>C M34T TM1 nonpolar>polar [c.101T>C] + [c.446G>A + c.669A>G] [F] recessive Kelsell, 1997 

c.109G>A V37I TM1 nonpolar>nonpolar [c.35delG] + [c.109G>A] [S] recessive Kelley, 1998 

c.139G>T E47X EC1 acid>Stop [c.35delG] + [c.139G>T] [S,F] recessive Denoyelle,1997 

c.167delT L56fs EC1 frameshift [c.35delG] + [c.167delT] [S] recessive Zelante, 1997 

c.177G>T G59V EC1 nonpolar>nonpolar [c.177G>T + c.669A>G] [F] not determined this study 

        [c.177G>T+ c.669A>G] + [c.35delG] [F]     

c.235delC L79fs TM2 frameshift [c.35delG] +[c.235delC] [S,F] recessive Fuse, 1999 

c.269T>C L90P TM2 nonpolar>nonpolar [c.35delG] + [c.269T>C] [S,F] recessive Murgia, 1999 

c.313_327del14 K105fs IC2 frameshift [c.35delG] + [c.313_327del14] [F] recessive Denoyelle,1997 

c.380G>A R127H IC2 basic>basic [c.380G>A] + [c.380G>A] [F] recessive Estivill, 1998 

c.446G>A A149T TM3 nonpolar>nonpolar [c.101T>C] + [c.446G>A + c.669A>G] [F] not determined Rabionet, 1998 

        [c.35delG] + [c.446G>A] [F]     

c.108C>T none TM1 silent mutation [c.108C>T] + [WT] [F] polymorphism this study 

c.669A>G K223R IC3 basic>basic several combinations [F] polymorphism Kupka, 2002 

*GenBank AF281280.1, +1 nt is A of the ATG codon. S: sporadic case, F: familial case, WT: wild type 
IC: intracellular domain, TM: transmembrane domain, EC: extracellular domain. 
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In the group of non-familial cases with HI, 34 patients out of 92 (37%) were homozygous for the c.35delG 

mutation. Seventeen patients (18%) showed heterozygosity and 11 (11%) out of them revealed a second GJB2 
mutation. Two cases were homozygous and 6 cases heterozygous for a non-c.35delG mutation. No mutation of this 
gene was found in 33 out of 92 patients (36%) with non-familial HI. In the control group composed of 500 
individuals displaying normal hearing, the c.35delG mutation was detected in 24 chromosomes, a value that differs 
only insignificantly from that published in our earlier study on 52 controls (Toth et al., 2001). 

A frequent nonsense mutation, c.71G>A (W24X), was detected in 4 patients originating from one family in 
heterozygous form and in 6 patients (2 homozygous, 4 heterozygous in combination with c.35delG) among the 92 
non-familial cases (Table 2). Together, the c.35delG and W24X mutations in the GJB2 gene are responsible for 
approximately 50% of all cases with HI in the Hungarian population.  While observing a high carrier frequency for 
the W24X mutation in the normal population one should expect a much higher frequency in the patient group. 
Interestingly, the frequency is relatively low in these cases. 

This observation may be based on the fact that North-Eastern Hungary is a geographically restricted territory 
with inhabitants who hardly interblend with other ethnic populations. Taken into account that frontier crossing was 
facilitated in the past years, the W24X mutation may have been recently introduced into the Hungarian population. 
Applying the Fisher exact test to examine whether there is a difference in mutation frequency in the control 
population compared to the patients collective we detected a borderline significance of p=0.039. Therefore, only 
minor differences in the mutation frequencies between the two groups are manifested. Provided that our 
assumption is correct, the W24X allele might gain importance in North-Eastern Hungary over the next years and 
may achieve mutation frequencies compared to that of c.35delG. Thus, the occurrence of this DNA change should 
be analyzed again in the future to confirm our hypothesis.  

Several already described DNA mutations were detected resulting in a frameshift or truncation on the amino 
acid level therewith demonstrating their pathogenic nature (Denoyelle et al., 1997; Zelante et al., 1997; Fuse et al., 
1999; Murgia et al., 1999). Mutations c.31_45del14, c.139G>T (E47X), c.167delT, c.235delC and c.313_327del14 
occurred in combination with c.35delG on the other allele, respectively. Interestingly, we discovered the c.235delC 
mutation in two of 92 unrelated Hungarian patients. This mutation is considered characteristic for the Asian 
population (Fuse et al., 1999; Abe et al., 2000; Kudo et al., 2001). Although no direct Asian ancestry was 
identified in these two cases we cannot exclude a distant relationship to Asian antecedents.  

During the last years, the involvement of different GJB2 mutations in the development of HHI was 
substantiated by functional studies. Using expression analysis in Xenopus oocytes it was demonstrated that 
mutations c.269T>C (L90P) and c.109G>A (V37I) result in non-functional channels based on a failure of gap 
junction formation (Thönnisen et al., 2002; Bruzzone et al., 2003). In this study, mutation L90P was detected in 
compound heterozygosity with c.35delG in one of 92 Hungarian patients with sporadic and in one out of 102 
patients with familial profound HI, respectively. Mutation V37I was detected in compound heterozygosity with 
c.35delG in one sporadic case. This mutation was originally described as polymorphism by Kelley et al. in the US 
population (Kelley et al., 1998). Two years later, Wilcox and coworkers detected this DNA change in 
homozygosity in one patient indicating its disease relation (Wilcox et al., 2000). Further support for this finding 

Table 2: Allele Frequencies of GJB2 Mutations 
c.35delG and c.71G>A (W24X) in Hungarian Patients 
with Hearing Impairment and in the Control 
Population 

  c.35delG c.71G>A 
(W24X) 

PATIENTS 12/28* 1/28* 

familial cases   

PATIENTS 85/184** 8/184** 

sporadic cases [46.2%] [4.3%] 

CONTROLS 24/1000** 6/430** 

  [2.4%] [1.4%] 

* Number of families analyzed. 

The most common GJB2 mutation in the 
Hungarian population is the c.35delG (table 2). It 
was detected in 53 out of 102 patients belonging to 
28 families with familial hearing impairment. 
Thereof, 35 patients (34.3%) were homozygous and 
18 patients showed heterozygosity (17.6%). In 9 
familial cases other mutations than c.35delG were 
present, while in 40 patients (39.2%) with HI no 
mutation was found in the coding exon of the GJB2
gene. Altogether, 28 families were analyzed with 13 
families (46.4%) showing GJB2 mutations and 15 
families displaying an unaltered GJB2 sequence. 
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was provided by the detection of three unrelated homozygous patients (Bason et al., 2002). Mutation V37I seem to 
occur frequently in populations in eastern Asia (Bason et al., 2002, Liu et al., 2002). 

Mutation c.101T>C (M34T) was found in compound heterozygosity with c.446G>A (A149T) in a patient with 
profound HI and familial background (1 of 102 cases). Mutation A149T was originally reported by Rabionet and 
coworkers in 2000 (Rabionet et al., 2000). Due to the lack of a second mutation in the patient analyzed in this 
study, the disease relevance of this DNA variant was not substantiated. M34T was first described as dominant 
mutation and expression studies provided experimental support for the pathogenic nature of this mutation (Kelsell 
et al., 1997; Thönnissen et al., 2002). Furthermore, recent studies demonstrate that the clinical effect of this 
mutation may depend on the activity of other genes and/or cosegregating mutations in the non-coding region of 
GJB2 (Zoll et al., 2003).  

In another family mutation c.56G>C (S19T) was discovered. The disease relevance of mutation S19T was 
recently shown by functional studies (D’Andrea et al., 2002). The affected patient displays profound HI and 
sequencing revealed two additional DNA changes next to S19T. Segregation of affected alleles within this family 
demonstrated that c.35delG is located on the second allele of this patient whereas mutation c.94C>A (R32C) 
occured in cis-location on the same chromosome. Mutation R32C was first described by Prasad and coworkers as 
disease related, recessive inherited DNA change (Prasad et al., 2000). Indeed, based on our results R32C more 
likely represents a polymorphism. 

Two new GJB2 mutations resulting in amino acid replacements not yet described were detected in the present 
study. One of them represents a G → T transversion in codon 59 resulting in an amino acid change from glycine to 
valine (c.177G>T, G59V). This mutation was present in two members of family No.10 (Figure 1), both showing 
profound congenital hearing impairment. No second GJB2 mutation was found in patient I:1, while patient II:2 had 
a [c.35delG] + [c.177G>T, G59V] genotype. In addition, the c.235delC mutation as well as the polymorphism 
c.669A>G (K223R) were detected in this family.  

III:1

II:1 II:2

I:1 I:2

c.35delG
c.235delC

WT G59V
K223R

I

II

III

 

Figure 1. GJB2 sequence variants and allele segregation in family No 10, WT: wild type. 

 
A similar mutation (c.176C>G, G59A) has been reported in one family with an autosomal dominant syndromic 

hearing impairment and hyperkeratosis (Heathcote et al., 2000). This mutation results in a functionally defective 
protein (Forge et al., 2002). It is likely that the replacement of glycine by valine leads to similar consequences. 
Furthermore, the disease relevance of mutation G59V is supported by the finding that it was absent in 150 
Hungarian control individuals. Moreover, an autosomal dominant pattern of inheritance would explain the HI of 



6 Toth et al. 

patient I:1 (Fig. 1), who carries G59V but no second GJB2 mutation. Nevertheless, based on our results G59V may 
still act in a recessive way for the case that additional factors are involved in the development of the HI in patient 
I:1 (Fig. 1) . 

Mutation c.51C>A (S17Y) occurred in compound heterozygosity with the c.35delG mutation in an eight-year 
old girl and, therefore, it was supposed to be an HI-related DNA change. The absence of this mutation in 151 
Hungarian control individuals supports this suggestion. Furthermore, a different mutation of the same codon 
(c.50C>T, S17F) was detected in a syndromic form of HI (Richard et al., 2002). The replacement of serine with a 
more bulky aromatic amino acid (phenylalanine or tyrosine) may alter the structure of the affected intracellular  
protein domain 1 and interfere with the conformation and flexibility of the amino terminus. 

The mutation c.380G>A (R127H) has been described earlier and its disease relation was contentious (Rabionet 
et al., 2000; Thönnissen et al., 2002; D’Andrea et al., 2002; Wang et al., 2003). In our study heterozygous carrier 
individuals of the mutation in the family No.17 (Fig. 2) showed normal hearing, whereas R127H homozygous 
children were affected by profound HI. Analysis of microsatellite markers spanning the GJB2 region was carried 
out to substantiate the apparent cosegregation between mutation and phenotype (Fig. 2). 
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II:3
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II:7
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I:3

II:4
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II:5
1988

II:6
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D13S175
D13S633
D13S250
D13S171

ca. 100 kb
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?

 
Figure 2. Pedigree and segregation of microsatellite markers and the mutant c.380G>A (R127H) 
alleles in family No. 17. 

 
This mutation was described as a polymorphism not related to the disease as it was detected in combination 

with c.35delG on the other allele in individuals with normal hearing (Marlin et al., 2001). In hearing impaired 
patients, c.380G>A (R127H) was found to be present without a second mutation on the other allele and therefore 
not classified as a non-pathogenic DNA change (Estivill et al., 1998, Rabionet et al., 2000). Besides, two patients 
with HI were reported with R127H being the sole mutation in GJB2 (Antoniadi et al., 2000). The disease relation 
of this mutation was further elucidated by functional studies. The first report about functional analysis in HeLa 
cells revealed, that the R127H mutation did not affect channel formation of connexins and therefore most likely 
represents a polymorphism (Thönnisen et al., 2002). Analysis of this mutation by expression analysis in N2A cells 
(communication deficient cell line) approved that mutant R127H connexin 26 molecules are localized in the cell 
membrane at regions of cell-cell contact (Wang et al., 2003). Indeed, these authors also demonstrated a 
significantly reduced conductance and neurobiotin transfer despite the formation of gap junction channels, a 
method that was not applied in the earlier study by Thönnisen and coworkers. The relevance of this mutation for 
the development of HI is affirmed by our study. 
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The data presented here confirm the high prevalence of GJB2 mutations in Hungarian patients with hearing 
impairment. Based on our results we suggest a clinical routine screening for GJB2 mutations for patients with non-
syndromic HI. As it has been shown in the study, changes in this gene are the most common causes of HI in 
Hungary. Early molecular diagnosis of the genetic background of HI would result in more efficient genetic 
counseling and improved speech and communication development.  
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