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Abstract: Hearing impairment (HI) caused by mutations in the connexin-26 gene (GJB2) accounts for the majority of cases with inherited, nonsyndromic senso-
rineural hearing loss. Due to the illegality of the abortion of deaf fetuses in Islamic countries, preimplantation genetic diagnosis (PGD) is a possible solution for af-
flicted families to have a healthy offspring. This study describes the first use of PGD for GJB2 associated non-syndromic deafness in Iran. GJB2 donor splicing site 
IVS1+1G>A mutation analysis was performed using Sanger sequencing for a total of 71 Iranian families with at least 1 deaf child diagnosed with non-syndromic deaf-
ness. In Vitro Fertilization (IVF) was performed, followed by PGD for a cousin couple with a 50% chance of having an affected child. Bi-allelic pathogenic mutations 
were found in a total of 12 families (~17 %); of which a couple was a PGD volunteer. The deaf woman in this family was homozygous and her husband was a carrier 
of the IVS1+1G>A gene mutation. Among 8 biopsied embryos, two healthy embryos were implanted which resulted in a single pregnancy and subsequent birth of a 
healthy baby boy. This is the first report of a successful application of PGD for hearing loss in Iran. Having a baby with a severe hearing impairment often imposes 
families with long-term disease burden and heavy therapy costs. Today PGD has provided an opportunity for high-risk individuals to avoid the birth of a deaf child.  
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Introduction

Hearing loss is a common birth defect with an inci-
dent rate of 1 out of 2000 newborns (1-4). Near 70% 
of hearing impairments are of genetic origin and more 
than half of these cases are inherited (5-7). The most 
common type of heritable hearing impairment is autoso-
mal recessive non-syndromic hearing loss (ARNSHL) 
which is more prevalent among populations with a high 
rate of consanguineous marriage (8). Over the last 2 de-
cades, more than 40 different genes have been reported 
to be associated with non-syndromic hearing impair-
ment. Despite this level of heterogeneity, connexin-26 
gene (GJB2) mutations account for the majority of cases 
with inherited sensorineural deafness (1).

GJB2 encodes connexin 26 protein (Cx26), a member 
of connexin family that in an oligomeric form assemble 
gap junction channels between neighboring cells in the 
inner ear (7, 9, 10). These intercellular communication 
systems are responsible for K+ circulation in cochlea 
where the conversion of sound vibration into electro-
biochemical impulse takes place and further transfers 
into the auditory nerve in the brain (11). Accumulation 

of mutations in connexin genes has been linked to hea-
ring impairment (7). Near 200 mutations in GJB2 have 
been reported in different populations most of which 
were in coding regions (12). However, few studies have 
indicated the involvement of GJB2 non-coding region 
mutations in hearing loss. So far, a few noncoding muta-
tions, including c.-259C>T, c.-23G>T, and c.-23+1G>A 
have been identified in different populations including 
Czech Republic, Turkey, and Hungary (10). Splice 
mutation c.-23+1G>A known as IVS1+1G>A has also 
been reported as the second most common mutation in 
the Iranian population with ARNSHL (12).

Hearing loss imposes psychological distress and 
health issues, especially in the developing countries. 
High frequency of hearing loss with its heavy cost 
burden for the individual and society in addition to its 
personal and social problems reinforces the importance 
of developing proper rehabilitation interventions. One 
rehabilitation intervention for patients with hearing 
impairment is Cochlear Implantation (CI). Although 
some patients can be rehabilitated using hearing aids, 
the results are inconsistent due to the age of implanta-
tion, residual hearing, and the way of communication. 
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Moreover, surgery and post-operative care place a hea-
vy cost burden on families and society (13-15). 

The advance of pre-implantation genetic diagnosis 
(PGD) technology brought about the opportunity to 
avoid the birth of a deaf child. Pre-implantation genetic 
testing includes genetic analysis of 1 or 2 biopsied cells 
from 6-8 cell embryos. Those embryos result from ferti-
lizing retrieved eggs with sperm in vitro. Biopsied cells 
are then used to identify unaffected embryos before im-
plantation (16, 17). 

With regards to the low interest in abortion of a deaf 
fetus in different populations (18), it seems that the use 
of PGD can be welcomed more than prenatal diagnosis 
(PND) as it certifies that only unaffected embryos are 
transferred to the uterus. Moreover, by using polymor-
phic informative markers linked to the specific muta-
tion, the chance of missing recombination events is 
decreased (2).

Iran with a consanguineous marriage rate of about 
38.6% shows an incidence of approximately one in 166 
newborns with hearing loss (19). Due to the illegality of 
aborting a deaf fetus in Iran, PGD is considered as the 
only solution available for Iranian parents with a medi-
cal history of deafness who do not want to have a deaf 
offspring.

The present study reports the results of a genetic tes-
ting for GJB2 gene mutation performed on a group of 
deaf individuals of whom only one led to the PGD. As 
far as the authors are concerned, this is the first success-
ful application of PGD for ARNSHL in Iran. This pro-
cess resulted in a singleton pregnancy and subsequent 
birth of a healthy baby boy.

Materials and Methods

Subjects
A total of 71 families with at least one deaf mem-

ber were investigated in this study. All of the partici-
pants were referred to Otolaryngology Department, 
Valieasr Hospital, between March 2012 to December 
2015 (Imam Khomeini Hospital Complex, Tehran, 
Iran). Auditory brainstem responses (ABR) as well as 
otoacoustic emissions (OAEs) were measured to deter-
mine the sensorineural hearing loss. Genetic counse-
ling sessions were arranged for all the families to get 
a proper understanding of the Hearing loss genetics. A 
questionnaire was filled in by all adult deaf individuals 
or parents with a deaf child. An informed consent form 
was signed by all participants. This study was approved 
by the Otorhinolaryngology Research Center of Tehran 
University of Medical Sciences, with the consideration 
of ethical issues.

Mutation Analysis
Peripheral blood samples were collected from vo-

lunteers for genomic DNA extraction using salting out 
method (20). Both coding and noncoding sequences of 
the GJB2 gene including the exon–intron boundaries 
were investigated in one affected member of each family 
by direct sequencing method. This was performed using 
the BigDye Terminator v3.1   kit (Life Technologies, 
USA). Primer sequences are available upon request. 

Determination of disease-associated haplotype 
PGD quality assessment was performed on a cou-

sin couple (a deaf woman and her hearing husband) 
who volunteered to do PGD. Single lymphocytes were 
isolated from fresh peripheral blood of the woman as 
previously described (21). Twelve short tandem repeat 
(STR) markers linked to the GJB2 gene were designed 
and tested. Finally, 5 informative markers were selected 
to establish the disease-associated haplotype within the 
family (Table 1).

Five STR markers, D13GJB2SU40.7, D13GJB-
2SU16.5, D13GJB2SD9.5, D13GJB2SD10.6, and 
D13GJB2SD12, were located on chromosome 13 
regions flanking the GJB2 gene. 

"D" stands for DNA. The following number is the 
chromosome where the STR marker is located. "U" and 
"D" stands for upstream and downstream, respectively 
and refer to the location of the STR marker compa-
red to the gene of interest. The distances of D13GJB-
2SU40.7 and D13GJB2SU16.5 were estimated to be 
4070 and 1650 kb upstream of the GJB2 gene, respecti-
vely. STR markers D13GJB2SD9.5, D13GJB2SD10.6, 
and D13GJB2SD12 were 950, 1060 and 1200 kb 
downstream of GJB2 gene, respectively.

In-vitro fertilization (IVF)
The selected couple had normal fertility criteria, 

thus a fresh IVF cycle was planned for them. Intracy-
toplasmic sperm injection (ICSI) was used to fertilize 
the ova and obtain embryos. Embryos were biopsied on 
day three. All the steps were carried out in Erfan Hos-
pital (Tehran) and all biopsied blastomeres were sent to 
Kawsar human genetics research center (Tehran, Iran) 
for preimplantation genetic diagnosis.

Pre-implantation Genetic Diagnosis (PGD)
PCR Amplification

Single cell lysis was done according to Cui et al. 
(22). DNA was extracted by salting out method using 
KBC extraction kit (KBC co., Tehran, Iran). The first 
round of the nested PCR was performed using 5 pairs of 
outer primers to amplify DFNB1-linked microsatellites. 
a Mastercycler® pro (Eppendorf, Germany) was uti-
lized and the following program was performed: 6 min 
denaturation at 96°C, followed by 15 cycles of 1 min at 
96°C, 45s at 60°C, 1 min at 72°C, and 5 min at 72°C. 

Kit Name STR maker Chromosome position Distance  from the gene (kb)

Deafness

D13GJB2SU40.7 chr13:24843253-24843465 4070 kb from upstream of gene
D13GJB2SU16.5 chr13:22422656-22423020 1650 kb from upstream of gene
D13GJB2SD9.5 chr13:19806578-19807031 950 kb from downstream of gene
D13GJB2S10.6 chr13:19697590-19698109 1060 kb from downstream of gene
D13GJB2SD12 chr13:19554432-19555232 1200 kb from downstream of gene

Table 1. STR markers designed for GJB2 gene.
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were suitable for embryo transfer. Three other embryos 
had a homozygous haplotype associated with the afore-
mentioned mutation and two other embryos remained 
undiagnosed as they failed to amplify. Allele dropout 
(ADO) was observed only for one marker.

Two healthy embryos were transferred and one em-
bryo was preserved. A singleton pregnancy was achie-
ved. Prenatal diagnosis confirmed the PGD analysis and 
ultimately a healthy baby boy was delivered. For docu-
mentation, afterbirth, the hearing of the neonate was 
tested with ABR and OAEs; both determined a normal 
hearing.

Discussion

This study was developed to describe the first suc-
cessful use of PGD for non-syndromic deafness caused 
by a mutation in GJB2 gene which resulted in the birth 
of a healthy unaffected baby boy. 

In this study, GJB2 mutation screening in 71 unrela-
ted deaf individuals from different families led to deter-
mining the cause of hearing loss in 12 families (~17 %). 
The detection rate in this study was similar to the fin-
dings of a recent study on genetic causes of hearing loss 
in Iran (12). In the aforementioned study, Zeinali et al., 
investigated GJB2 c.−23+1G>A mutation in a total of 
418 Iranian individuals with an autosomal recessive 
non-syndromic sensorineural hearing loss. Bi-allelic pa-
thogenic mutations in the GJB2 gene were found in 81 
patients (~19.4 %). Besides, 13 cases were diagnosed 
with a monogenic mutation. Previously, Hashemzade et 
al., showed a frequency rate of 26.5% (9 out of 34 fami-
lies) for GJB2 mutations in the deaf families; however, 
the prevalence of this specific mutation was very low 
where only one among 34 studied families was determi-
ned as a carrier of this gene mutation (24). This amount 
of variation in the frequency of GJB2 c.−23+1G>A 
mutation might be due to differences in the number and 
the ethnicity of the studied populations. A similar pre-
valence of this gene mutation (20%) has been reported 

The quality of the PCR products was tested by running 
samples on 2% agarose gels.

For the second round of PCR, 1 µl of the primary 
PCR products was added to another tube containing 2 
µl of 10X PCR Buffer (500 mMKCl, 100 mM Tris-HCl, 
pH 8.3), 200 mM of each dNTPs (Invitrogen, USA), 
2 IU Taq DNA Polymerase (Invitrogen, USA) and 10 
pmol of each inner primer. The targeted region was 
amplified in the second round PCR using the following 
conditions: 3 min denaturation at 93°C, followed by 10 
cycles of 1 min at 93°C, 1 min at 64°C, 2 min at 72°C 
and finally 5 min at 72°C. Second PCR was carried out 
on Mastercycler® pro (Eppendorf, Germany).  

Multiplex fluorescent PCR
Multiplex amplified products from the second-round 

PCR were tagged with different fluorochromes using 
labeled primers. Multiplex fluorescent PCR was perfor-
med as previously described by Piyamongkol et al. (23). 
The PCR conditions were as follows: initial activation 
of the Taq DNA Polymerase for 4 min at 94°C, followed 
by 30 cycles of 1 min denaturation at 94°C, annealing 
for 45 s at the 55 °C, and extension for 2 min at 72°C. 

Results

Among the 71 investigated cases, a total of 12 fa-
milies (~17 %) were identified with a pathogenic c.-
23+1G>A mutation in both alleles. Of 12 candidate fa-
milies, only one family was willing to do PGD. The wo-
man in this family was homozygous for the c.-23+1G>A 
mutation and her husband was a carrier of this mutation. 
Therefore, the chance of having an affected child was 
50 percent with each conception for this couple. Geno-
typing of the informative STR markers showed a ho-
mozygous haplotype in the woman and a heterozygous 
genotype for her husband. At the first IVF/PGD fresh 
cycle, eight embryos were biopsied (Figure1). 

Among the biopsied embryos, three were diagnosed 
as healthy carriers of the c.-23+1G>A mutation that 

Figure 1. Preimplantation genetic haplotyping for hearing loss by genomic DNA analysis of GJB2 gene linked markers. Haplotypes of 
father (carrier), mother (ARNSHL-affected) and 6 embryos are shown. The mutated and the wild-type alleles were depicted in light-shaded and 
dark-shaded columns, respectively. The homozygous haplotype (affected) linked to GJB2 c.-23+1G>A mutation was presented in embryos No. 
4, 6 & 7 while heterozygous haplotype (carrier) was observed in the embryos No. 1 & 2. A recombination was observed in the embryo No. 3. 
Since the crossing over was occurred between U16.5 and D9.5 of the gene, sequencing was done confirming that it was not affected. The embryos 
number 5 and 8 failed to amplify.
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in Syrian population with a non-syndromic sensorineu-
ral hearing loss (25). The Yacut, a subarctic region of 
Russia, population has the highest prevalence of this 
gene mutation among studied Asian populations (26). A 
cohort study on patients with autosomal recessive deaf-
ness in Yacut showed a frequency rate of 51.82% for 
c.-23+1G>A mutation.

Among 12 families with the known cause of deafness, 
there was only one family who decided to do PGD. For-
tunately, their fresh IVF/PGD ended up with the birth of 
a healthy baby boy. To the best of our knowledge, this is 
the first successful application of PGD for hearing loss 
in Iran. The first report of PGD for non-syndromic deaf-
ness was in 2009 by Altarescu et al., who demonstra-
ted that blastomere biopsy in PGD analysis is a reliable 
method for non-syndromic deafness. They implemented 
12 polymorphic biomarkers related to GJB2/GJB6 mu-
tations in 14 couples. Their developed protocol resulted 
in the delivery of 3 healthy children (2). 

A recent study by Xiong Wen Ping in 2015 is also 
another example of a successful application of PGD 
done for a family with a GJB2-associated hearing im-
pairment to prevent transmission of the gene mutation 
causing hearing impairment to the newborn. They re-
ported a successful delivery of a baby boy (27).

There is a growing interest in different populations 
for using assisted reproductive technologies as a possible 
solution for families with a high probability of having 
deaf children. It has been determined that cultural and 
religious backgrounds affect people’s attitudes toward 
prenatal diagnosis (PND), and termination of pregnancy 
(TOP) for hearing loss or deafness. An example of such 
investigation is Alsulaiman et al.’s study in which 70 
parents' attitudes towards (PND) and (TOP) were inves-
tigated. Concerning attitudes toward PND, there were 
an 81.4% average acceptance rate and a 25.2% average 
TOP acceptance rate among the participants (28). Ano-
ther example is Middleton et al.’s study done in 2001. 
They studied individuals of whom 644 were deaf, 143 
had a severe hearing loss, and 527 had normal hearing 
with either a deaf parent or a child. Their results showed 
that 21% of deaf individuals, 39% of individuals with 
severe hearing loss and 49% of cases with normal hea-
ring had a tendency to use PND for preventing birth of 
a deaf child. Six percent of the first group, 11% of the 
second group, and 16% of the third group said that they 
would prefer a TOP if the deafness of the unborn baby 
was definite. It was interesting that two percent of the 
deaf participants said they would prefer to have a deaf 
child and would consider a TOP if the fetus was identi-
fied with a normal hearing (29).

Overall, knowing that GJB2-associated gene muta-
tions are the most common cause of hearing impair-
ment imposes significant considerations on conducting 
more studies to examine this gene to prevent the birth of 
infants with hearing problem. In Iran, aborting a fetus 
with hearing loss is prohibited. On top of that, religious 
beliefs, and cultural and emotional factors prevent pa-
rents from terminating a pregnancy. As a solution, pre-
implantation genetic testing provides an opportunity for 
high-risk individuals to avoid birth of a deaf child. As 
the number of GJB2 positive families in the present stu-
dy was not enough to conclude the tendency of Iranian 
deaf families to do PGD, further studies are required to 

investigate Iranian attitudes toward PGD and provide 
proper conditions for such families who like to have 
normal hearing children. Since financial issues may 
affect interest rate and may stop some parents from per-
forming pre-implantation genetic testing, governments 
should provide financial support to deal with this issue. 
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