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A B S T R A C T

Objective: Hearing loss is one of the major public health problems, with a genetic etiology in more than

60% of cases. Connexin 26 and connexin 30 mutations are the most prevalent causes of deafness. The aim

of this study is to characterize and to establish the prevalence of the GJB2 and GJB6 gene mutations in a

population of cochlear implanted recipients from Eastern Romania, this being the first report of this type

in our country.

Methods: We present a retrospective study that enrolled 45 Caucasian cochlear implanted patients with

non-syndromic sensorineural severe to profound, congenital or progressive with early-onset idiopathic

hearing loss. We performed sequential analysis of exon 1 and the coding exon 2 of the GJB2 gene including

also the splice sites and analysis of the deletions del(GJB6-D13S1830), del(GJB6-D13S1854) and

del(chr13:19,837,343–19,968,698).

Results: The genetic analysis of the GJB2 gene identified connexin 26 mutations in 22 patients out of 45

(12 homozygous for c.35delG, 6 compound heterozygous and 4 with mutations only on one allele). We

found 6 different mutations, the most prevalent being c.35delG – found on 32 alleles, followed by p.W24*

– found on 2 alleles. We did not identify the deletions del(GJB6-D13S1830), del(GJB6-D13S1854) and

del(chr13:19,837,343–19,968,698).

Conclusions: Although the most prevalent mutation was c.35delG (80% from all types of mutations),

unexpectedly we identified 5 more different mutations. The presence of 6 different mutations on the GJB2

gene has implications in hearing screening programs development in our region and in genetic

counseling.

� 2011 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Hearing loss (HL) is the most common sensory disorder in
human, with an incidence at birth of 1 to 650 newborns [1,2] and a
prevalence in the population of 10–12% [3,4].

Due to its high prevalence, HL is placed amongst the major
public health problems, hence the need of screening programs
development [5,6]. The data collected from the universal newborn
hearing screening, which we perform in our region, shows that out
of the 7077 tested newborns in 2008 by otoacoustic emissions
(OAE) – distortion products – 8 children were confirmed with
bilateral severe or profound sensorineural hearing loss (SNHL),
meaning 1.13 in 1000 newborns for our region.
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The main purpose for early detection of children with HL is
conventional hearing aid fitting or cochlear implantation at the
right moment for optimal auditory and speech rehabilitation of the
child [7].

As known, rehabilitation results are mainly related to the
cochlear implantation age [8,9], but also to other factors among
which probably the HL etiology [10]. HL can have a genetic cause,
can be acquired or can be multifactorial [11].

Genetic deafness can be syndromic in 30% of cases (when it is
associated with other pathologic findings) or nonsyndromic in 70–
80% of the total genetic deafness [12] – when it appears isolated to
a seemingly normal person.

Genetic mutations responsible for HL cases can occur in
autosomal or gonosomal chromosomes but also in mitochondrial
DNA [11,13,14].

The autosomal recessive forms represent about 80% of the total
nonsyndromic deafness [15], usually characterized by a sensori-
neural type involving the whole frequency range [16]. Most of
these cases are severe forms with prelingual onset although some
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Table 1
GJB2 and GJB6 genotypes found in 22 subjects out of a collective of 45 patients with

non-syndromic hearing loss.

Compound homozygous

c.35delG/c.35delG 12

Compound heterozygous

c.35delG/c.313_326del14 2

c.35delG/c.71G>A 1

c.35delG/c.551G>C 2

c.71G>A/c.299_300delAT 1

Heterozygous affected

wt/c.35delG 3

wt/c.358_360delGAG 1

Total mutated subjects 22

No mutation found 23

Total subjects 45
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cases of postlingual onset with progressive evolution have also
been described [17]. The DFNB1 locus on chromosome 13q11–12 is
the most frequently affected one. Mutations located at this level
are responsible for more than 50% of the autosomal recessive
sensorineural hearing loss (ARSNHL) [18]. Two genes have been
associated with the DFNB1 locus – GJB2 and GJB6 – involved in the
auditory function by encoding the gap-junction proteins connexin
26 and connexin 30 [19,20]. Both connexins are components of the
gap-junction channels that mediate electrolytic and other meta-
bolites changes required for the inner ear function [21].

In the GJB2 gene there were 91 described mutations, out of
which 89 with recessive features. The prevalence of each mutation
is different from one population to another according to the
founder effect theory [22,23]. In the Caucasian population the most
frequent mutation is c.35delG (approximately 2/3 of cases) [23,24].
In the Asian population the c.235delC mutation is the most
encountered [25–27], while in the Jewish population the most
frequent mutation is c.167delT [28]. The p.R143W mutation is
predominant among certain Africans [29] and the p.W24*
mutation among European Gypsy and Indian people [30].

Mutations responsible for deafness can be monogenic (only one
gene involved) or digenic (simultaneous involvement of 2 genes).
Related to this, the role of GJB6 gene adjacent to GJB2 gene on the
DFNB1 locus is described [31]. The most frequent mutation in the
GJB6 gene is a deletion – the 309-kb deletion [32]. This deletion
induces deafness either in homozygote form or in compound
heterozygous form, in the last case only if there is a mutation at the
level of the GJB2 gene on the pair chromosome. The prevalence of
this deletion in the GJB6 gene is variable depending on the studied
population [33].

Aim. All around the world significant efforts are being made to
achieve the descriptive epidemiology related to connexin 26
mutations; in this regard, the main purpose of this study is to
characterize and establish the prevalence of mutations at the level
of the GJB2 gene, and to evaluate the prevalence of the deletions
del(GJB6-D13S1830), del(GJB6-D13S1854) and
del(chr13:19,837,343–19,968,698) in the GJB6 gene in a popula-
tion of cochlear implanted recipients in Eastern Romania, which
makes it the first study of this type in our country.

The related objectives are: to contribute to the existing
international database by gathering the information necessary
to establish the implications of connexin 26 mutations in auditory
and speech rehabilitation in cochlear implanted recipients and to
gather useful data necessary for the genetic counseling and for the
genetic screening of deafness.

2. Materials and methods

2.1. Patients

The study was performed on 45 patients from Eastern Romania,
25 males and 20 females (unrelated to each other) evaluated,
diagnosed and cochlear implanted in the Department of Otorhi-
nolaryngology, Head and Neck Surgery, Clinical Rehabilitation
Hospital, University of Medicine and Pharmacy ‘‘Gr. T. Popa’’ in Iasi,
Romania. The Ethics Committee of the University of Freiburg
approved this part of the project (no. 161/02-07/2003/Birkenhä-
ger). The study was also approved by the Ethics Committee of the
Clinical Rehabilitation Hospital Iasi (no. 12511 – 10.07.2009).

The evaluation protocol consisted of: medical history of the
disease, especially regarding the onset modality and evolution of
deafness, associated symptoms and their development, past
personal and family medical history to exclude any possible
family interrelations and other possible causes of deafness,
complete ENT examination – especially otomicroscopic exam,
subjective and objective audiologic tests (pure tone and speech
audiometry, OAE, auditory steady state response, tympanogram,
auditory brainstem responses), vestibular testing, speech therapist
examination, imaging testing – CT and MRI. Also, interdisciplinary
complex examination (ophthalmologic, pediatric, clinical genetic,
psychiatric, etc.) was performed to exclude syndromic forms.

All patients included in this study were cochlear implant users
for congenital nonsyndromic or early onset idiopathic progressive
severe (71–90 dB) to profound (>90 dB) SNHL. All of them have
worn conventional hearing aids for at least 6 months – without any
benefits – before being implanted. All were unilaterally implanted
when included in the study. In cases with asymmetrical HL, the
most impaired ear was implanted.

2.2. Molecular genetic analysis

Genomic DNA of patients was extracted from peripheral
blood leukocytes of the patients using the standard methods
(Qiagen, Hilden Germany). Primer and PCR conditions were
selected according to procedures optimized previously for
sequence analysis of exon 1 and the coding exon 2 of the
GJB2 gene, including all splice sites [34] and analysis of the
GJB6 deletions del(GJB6-D13S1830), del(GJB6-D13S1854) and
del(chr13:19,837,343–19,968,698) [35]. Sequencing of the PCR
products was done with standard procedures and analyzed in an
automated DNA sequencer Amersham MegaBACETM 500 (Amer-
sham Biosciences, GE Healthcare Europe, München, Germany).

For the examination of the GJB6 gene (connexin 30) deletions
the breakpoint junctions of del(GJB6-D13S1830) and del(GJB6-
D13S1854) were analyzed according to del Castillo et al. (2002,
2005) [31,32], the deletion del(chr13:19,837,343–19,968,698) was
analyzed according to Wilch et al. (2010) [35].

Informed consent was obtained from the patients, parents or
legal guardians for children before collecting blood for genetic
testing.

3. Results

Our study included 45 cochlear implanted patients, 43 had
bilateral congenital severe to profound SNHL and 2 had progressive
HL that required cochlear implantation at ages of 6 and 8 years,
respectively. The genetic analysis of the GJB2 (connexin 26) and
GJB6 (connexin 30) genes identified in 22 (48.8%) patients
mutations in the GJB2 gene: 12 (26.6%) patients were homozygous
for the c.35delG mutation; 5 (11.1%) patients were compound
heterozygous with c.35delG mutation on one allele and a different
mutation on the other allele; 1 (2.2%) patient was compound
heterozygous for two different mutations non c.35delG; in 4 (8.8%)
patients only one mutated allele was identified (Table 1).

The analysis of 90 alleles revealed 6 different mutations, four of
these alterations are truncating mutations, c.35delG, c.71G>A



Table 2
Spectrum of GJB2 (Connexin 26) mutations detected in non-syndromic hearing loss in our group.

Nucleotide Protein Classification Mutation type No. References

c.35delG p.Gly12Valfs*2 T Deletion/Nonsense 32 Denoyelle et al. (1997) [48]

c.71G>A. p.Trp24* (p.W24*) T Nonsense 2 Kelsell et al. (1997) [49]

c.299_300delAT T Frameshift 1 Abe et al. (2000) [26]

c.313_326del14 p.Lys105Glyfs*5 T Deletion/Frameshift 2 Denoyelle et al. (1999) [50]

c.358_360delGAG p.delGlu120 (del E120) NT In Frame Deletion 1 Denoyelle et al. (1999) [50]

c.551G>C p.Arg184Pro (p.R184P) NT Missense 2 Denoyelle et al. (1997) [48]

T, Truncating mutation; NT, non-truncating mutation Total mutated alleles: 40
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p.W24*, c.299_300delAT and c.313_326del14 (AAGTTCAT-
CAAGGG), the two other alterations are non-truncating mutations,
c.358_360delGAG p.delE120 is a in frame deletion and c.551G>C
p.R184P is a missense mutation. The truncating mutation c.35delG
represents 80% of all the mutated GJB2 (connexin 26) alleles, the
prevalence of this mutation is 35.5% (32/90) in the investigated
collective of patients all the mutations p.W24*, p.R184P and
c.313_326del14 have a prevalence of 2.2% (2/90) and the
mutations c.299_300delAT, and p.del E120 have a prevalence of
1.1% (1/90) (Table 2).

The GJB6 (connexin 30) deletions GJB6-D13S1830, GJB6-
D13S1854 and del(chr13:19,837,343–19,968,698) were not
detected in our patients (Lerer et al., 2001 [36], del Castillo
2002, 2005 [31,32], Wilch et al., 2010 [35]).

Additionally no polymorphisms were identified.
Additionally exon 1 was analyzed in all individuals who proved

to be heterozygous for only one coding mutation, to identify the
splice-site mutation IVS1+1G>A.

Both patients with progressive SNHL were compound hetero-
zygous (c.35delG + c.313_ 326del14 and c.35delG + c.71G>A
p.W24*).

4. Discussion

The present study, like many others published in the recent
years, describes the genetic mutations present on the DFNB1 locus
in cochlear implanted recipients. Although, significant efforts have
been made worldwide to define the epidemiology of GJB2 and GJB6

genes mutations related to HL, the issue remains open for some
populations. This is the first report in Romania of the genetic profile
of a group of cochlear implanted recipients with bilateral severe to
profound SNHL due to mutations in the GJB2 and GJB6 genes.

A previous study, performed in the Northwest region of
Romania, determined only the prevalence of two mutations
(c.35delG and p.W24*) in the GJB2 gene, in non-cochlear implanted
patients with different degrees of SNHL [34,37].

As our study enrolled only patients with idiopathic deafness, a
large number of cases (40%) with genetic HL secondary to DFNB1

mutations were identified, which is consistent with the literature
data according to which the GJB2 mutations are the most frequent
cause of ARSNHL in most world populations, accounting for up to
50% of ARSNHL cases [16]. These findings emphasize the
importance of GJB2 screening in our population for early detection
of severe to profound hearing loss.

The c.35delG mutation is most frequently occurring in the
Caucasian populations and may account for up to 70% of all GJB2

mutations. As we had expected the most frequent mutation in our
group was c.35delG in homozygote state present in 66.7% of the
patients with GJB2 mutations.

The high number of mutations identified in the GJB2 gene (6
different mutations in 22 of the 45 tested patients – Table 1) in our
patients has at least two implications:
(1) It points out the high prevalence of GJB2 mutations in cochlear
implanted children from our region (when compared with
studies that had found low incidence of GJB2 mutations in
certain populations with severe to profound SNHL) demon-
strating the importance of GJB2 analysis in our population.

(2) The presence of 5 mutations, different from c.35delG, in 33.3%
of cases emphasizes the importance of genetic analysis by
direct sequencing of the entire GJB2 gene rather than only by
genetic testing common mutations exclusively [38]; according
to the connexin-deafness homepage, 91 different mutations
have been identified, some of which are very frequent and
others are extremely rare. These mutations occur with different
frequency across populations. As the mutations reported after
2003 are not listed, an extensive literature search completed by
Hilgert et al. estimates that over 220 mutations have been
reported. In the patients here under analysis no new mutations
had been observed [20].

The second most common mutation (p.W24*) was found in
compound heterozygous form in 2 of 18 patients with connexin 26
mutation on both alleles (Table 1). This mutation is considered
characteristic for the European Gypsy and Indian Population [30].
These findings are similar with those reported by other authors for
the Central and Eastern Europe [31,39–42].

Four (8.9%) heterozygous patients were found, 3 (6.66%) for the
c.35delG mutation and 1 (2.22%) for the c.358_360delGAG without
any other alteration either on the GJB2 or GJB6 gene on the second
allele. This cannot explain the hearing impairment of these
patients [25]. The etiology of deafness in these patients is possible
to be secondary either to a nongenetic factor or to another
mutation unrelated to DFNB1 locus and the affected patients can be
carriers of GJB2 mutations.

The fact that none of the patients included in the study had the
GJB6 gene deletions, that we analyzed, implies that further studies
on greater populational groups are necessary to evaluate the
epidemiologic significance of these mutations in our country.

The deletion del(GJB6-D13S1830), del(GJB6-D13S1854) and
del(chr13:19,837,343–19,968,698), specific to West Europe, is
otherwise rare or even absent in Eastern Europe countries (rare in
Czech population [38,43], absent in Austria [35,44] and Croatia
[40,45], etc.).

The findings that the number of deaf persons carrying a single
GJB2 mutation is higher than expected led to a search for other
mutations in, or near GJB2. As a result there have been identified
two large deletions: del(GJB6-D13S1830), del(GJB6-D13S1854) and
the deletion del(chr13:19,837,343–19,968,698) [35]. These dele-
tions truncate the neighboring GJB6 gene and inhibit the GJB2 gene
expression (by deleting probably a GJB2 regulatory element not yet
identified) so that they may be considered GJB2 mutations as well.
Literature data shows that these mutations are usually found in
compound heterozygosity with a GJB2 coding mutation causing
significantly worse HL than most other GJB2 mutations [31]. One
argument for this might be that the expression of both copies of
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GJB2 and one copy of GJB6 is abolished. The del(GJB6-D13S1830)
deletion seems to be worldwide spread with a much higher
occurrence rate than del(GJB6-D13S1854) – found mainly in Spain
and the UK [31,46]. There are significant more GJB2 mutation
carriers without any of these 2 deletions, indicating that other
unidentified mutations/deletions may be present at the DFNB1

locus, or that another HL cause may be involved.
As to the genotype–phenotype correlation, mention should be

made of the fact that even if the literature states that HL caused by
connexin 26 mutations is non evolutive [16] – our group includes 2
patients with progressive idiopathic deafness, with early-onset.
Progressive hearing deterioration, up to the point where conven-
tional hearing aids become useless (at ages of 6 and respectively 8
years in our group), requires cochlear implantation. The genetic
profile of these patients was compound heterozygous in both cases
(c.35delG + c.313_326del14 and c.35delG + c.71G>A p.W24*).
However, nowadays, more and more authors report cases with
SNHL with early-onset and progressive evolution in patients with
connexin 26 mutations [17,47].

No possible correlation could be established between deafness
degree and genotype, because the studied group consists only of
patients with severe to profound SNHL that were cochlear
implanted.

At individual level, knowing the genetic etiology is essential for
the genetic counseling. There is a 25% recurrence chance for
parents that have one child with GJB2-related deafness to have
another child with the same genotype. Also there is a 66% chance
that the second child will have mild-to-moderate HL and a 34%
chance that the HL will be more severe if their first child has mild-
to-moderate HL. Furthermore, progress made in characterization
of genotype–phenotype correlations allows appropriate informing
regarding prognostic implications. Several studies have shown that
in such a child with severe-to-profound HL that receives a cochlear
implant, the parents can expect their child to have an excellent
outcome [10]. A genetic diagnosis can be beneficial to parents
preventing sometimes parental guilt and anxiety [10,50]. This
creates the opportunity to make accurate genetic advice possible
and provides prognostic information. Beside the fact that genetic
testing has a very important role, test results must be thoroughly
interpreted and efforts must be taken to ensure that parents and
family members understand the information presented to them. A
great deal of attention is needed to take responsibility for these
matters.

At a more general level, the knowledge of mutations prevalence
in a certain population allows the development of adjusted
screening programs.

5. Conclusions

The genetic analysis of GJB2 mutations revealed that 48.8% of
cochlear implanted patients present mutations of connexin 26.

We found an important number of different mutations (6
different mutations) with implications in hearing screening
programs development in eastern Romania. The most prevalent
mutation of GJB2 gene was c.35delG mutation. We did not find any
new mutation. The connexin 30 studied deletions were not
detected in our group.
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