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In most studies, sensorineural hearing loss is reported as a single-gene disease with autosomal dominant or
autosomal recessive or with X-linked or maternal inheritance. It is uncommon that the hearing impairment is
caused by a combined inheritance model including genomic and mitochondrial models. Here, we report six
patients with sensorineural hearing loss caused by co-existing mutations in GJB2 or SLC26A4 and the mito-
chondrial gene. And there was no significant difference in hearing phenotypes between the six patients
and the controls. The results indicate the complicated genetic etiology of, and may impact the diagnostic
strategy for, hereditary hearing impairment. All patient siblings will carry mitochondrial DNA A1555G or
C1494T mutations, and 25% of siblings may carry the same homozygous or compound heterozygote mutations
in GJB2 or SLC26A4. Although this combined inheritance is not common in the Chinese deaf population
(0.10%), our findings will have great impact in genetic counseling and risk prediction for deafness.

© 2013 Elsevier B.V. and Mitochondria Research Society. All rights reserved.

1. Introduction

Hearing impairment is the most common neurosensory disorder in
humans. The reported incidence ranges from 1 in 300 to 1 in 1000
children (Downs, 1995; Mehl and Thomson, 1998, 2002). Approxi-
mately half of all cases have a genetic etiology, including syndromic
and nonsyndromic forms, with extraordinary genetic heterogeneity.
Nonsyndromic deafness accounts for 60–70% of inherited hearing
impairment, and sensorineural hearing loss is reported as a single-gene
disease in most studies. This involves more than 100 different genes
with autosomal dominant (DFNA) or autosomal recessive (DFNB), or
with X-linked (DFN) or maternal inheritance (Bitner-Glindzicz, 2002).
InMendelian inheritance, typical autosomal recessive sensorineural hear-
ing loss is caused by mutations affecting both alleles of one gene, giving
rise to a 25% recurrent risk in the siblings of the patient; and for maternal
inheritance, is believed to a 100% recurrent risk in the siblings and matri-
lineal descendants. Mutations in the GJB2 gene are the most common
cause of nonsyndromic autosomal recessive sensorineural hearing loss
(mild to profound) (Snoeckx et al., 2005). Two studies published in
1989 described a distinctive auditory phenotype associated with an en-
larged vestibular aqueduct (EVA, which disease has been causally linked

to mutations in the anion transporter gene SLC26A4, which encodes the
protein pendrin) (Jackler and De La Cruz, 1989; Levenson et al., 1989).
The hearing loss is predominantly sensorineural, variable in severity,fluc-
tuating or progressive, symmetric or asymmetric, with a pre- or peri-
lingual onset. Many EVA patients have evidence of a conductive hearing
loss component associated with normal middle ear findings (Arjmand
andWebber, 2004; Nakashima et al., 2000). The A1555G or C1494T mu-
tations in 12S rRNA have been implicated with aminoglycoside-induced
and nonsyndromic hearing loss in families of different ethnic origins (Li
et al., 2004a, 2004b; Tang et al., 2002). However, whether co-existing
mutations in GJB2 or SLC26A4 and mitochondrial DNA have an impact
on hearing loss has not been reported. This study examined six patients
suffering from sensorineural hearing loss with bi-allelic mutations in
GJB2or SLC26A4 and co-existingA1555G/C1494Tmutations inmitochon-
drial DNA 12s rRNA and analyzed the relationship among the hearing
phenotypes and genotypes. The study will have great impact on genetic
counseling and risk prediction.

2. Material and methods

2.1. Patients

Six hearing-impaired patients were selected from a cohort of 5934
patients with hearing impairment from unrelated Chinese families
diagnosed in the Department of Otolaryngology, Chinese PLA General
Hospital. A temporal CT scan, complete physical and otoscopic exam-
inations, and an audiological study, including tympanometry, pure
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tone audiometry, or auditory steady-state response (ASSR), were
performed in all patients. Cases 2 and 6 had clear histories of
aminoglycoside antibiotic (Gentamicin) administration. Three pa-
tients were diagnosed with bilateral enlarged vestibular aqueduct
syndrome but had an absence of goiter. Case 2 had a family history
of hearing loss, but no family history of hearing loss was reported
in the other five families (Fig. 1).

To compare differences in hearing, 272 patients were recruited from
the Department of Otolaryngology, Chinese PLA General Hospital, in-
cluding 100 patients with bi-allelic mutations in GJB2, 100 patients
with EVA and identified bi-allelic mutations in SLC26A4, and 72 patients
with either A1555G (63 individuals) or C1494T (nine patients) muta-
tions in mitochondrial 12s rRNA.

To determine whether it is common for pathogenic mutations to
exist in genomic andmitochondrial genes simultaneously in the Chinese
deaf population, an additional 5928 patients with sensorineural hearing
loss (fromunrelated families,with the exception of the six cases from the
Genetic Testing Center of Otolaryngology Department of Chinese PLA
General Hospital) were studied consecutively.

2.2. Clinical evaluation

The pure-tone average (PTA), calculated as the average of the
thresholds measured at 0.5, 1.0, 2.0, and 4.0 kHz, was used to compare
patient subgroups. The level of hearing loss in terms of PTA was de-
scribed as follows: normal hearing, ≤20 dB; mild hearing impairment,
21–40 dB; moderate hearing impairment, 41–70 dB; severe hearing
impairment, 71–90 dB; and profound hearing impairment, ≥91 dB.

2.3. Mutation analysis

After obtaining informed consent from the parents of each partici-
pant, genomic DNA was extracted from peripheral venous blood using
standard procedures.Mutation screeningwas conducted using polymer-
ase chain reaction (PCR) amplification, and exon 2 of GJB2 was directly
sequenced (Yuan et al., 2010). To examinewhether other genetic defects
were involved in the hearing loss in these subjects, the coding exons of
SLC26A4 (Wang et al., 2007) and mitochondrial 12S rRNA (A1555G and
C1494T mutations) (Zhao et al., 2004) were also sequenced.

2.4. Statistical analysis

The hearing level distribution in the different groups was evaluated
using a nonparametric randomized block design. The Kruskal–Wallis
rank test (K–W test) for independent samples was used to determine
whether the observed hearing levels were significantly different
among the various groups. All statistical methods were analyzed using

SPSS (Statistical Package for the Social Sciences) 15.0 software. A
P-value of 0.05 or less was accepted as statistically significant.

3. Results

As shown in Table 1, audiological evaluations showed that all the six
patients in this study had moderate to profound symmetrical sensori-
neural hearing loss. Case 2 had a flat hearing curve with moderate hear-
ing loss (PTA; 67 dB HL). The other five patients demonstrated severe to
profound hearing loss (PTA; 98, 101, 93, 98, and 107 dB HL, respective-
ly).GJB2, SLC26A4, andmitochondrial 12s rRNAwere sequenced in six pa-
tients (Table 1). Two patients (cases 1 and 2) were found to carry
c.235delC homozygous mutations or c.235delC/c.427C > T (p.R143W)
compound heterozygote mutations in GJB2, respectively. Three patients
(cases 3, 4, and 5), who had enlarged vestibular aqueducts, were found
to carry c.919-2A > G/c.2027 T > A (p.L676Q), c.919-2A > G/2168A >
G(p.H723P), and c.919-2A > G/c.589G > A(p.G197R) compound het-
erozygote mutations in SLC26A4, respectively. All five patients also car-
ried the A1555G homoplasmy mutation in mitochondrial 12s rRNA. The
sixth patient (case 6) was determined to carry c.235delC/c.512insAACG
compoundheterozygotemutations inGJB2 and the C1494Thomoplasmy
mutation in mitochondrial 12s rRNA.

For the 272 patients with different mutations in the three control
groups (GJB2-related, SLC26A4-related, and 12S rRNA-related hearing
loss), the hearing levels and average PTAs of the different groups are
shown in Table 2 (94 dB HL, 96 dB HL, and 83 dB HL in GJB2-, SLC26A4-,
and 12S rRNA-related groups, respectively). Audiological evaluations
showed that the sensorineural hearing loss ranged frommild to profound
in these three groups; the percentages of patientswith severe to profound
hearing impairmentwere as follows: 86%of patientswithGJB2mutations,
87% of patients with SLC26A4 mutations, and 73.6% of patients with the
mitochondrial 12s rRNAmutation.

Statistical analysis showed significant differences in the hearing
level among the control groups (P = 0.000; P b 0.05). The hearing
level in the 12S rRNA-related group was significantly better than
that in the other two control groups, and the hearing level in the
GJB2-related hearing loss group was worst among these groups. No
significant difference was found between the patient group and any
control group (P = 0.182, P = 0.499, and P = 0.202; all P > 0.05).

In the other 5928 patients of this cohort, most genetic deafness
was attributed to mutations in GJB2, SLC26A4, mitochondrial 12s
rRNA, or other genes, but no patient carried co-existing double-loci
mutations in two or more genes through different genetic models, ex-
cept for one patient with EVA, which was identified as a compound
heterozygote for c.257C > G (p.T86R) and c.299-300delAT mutations
in GJB2 and c.1229C > T (p.T410M) and c.1079C > T (p.A360V) com-
pound heterozygote in SLC26A4, both of which follow the autosomal
recessive genetic model (Huang et al., 2013).

Fig. 1. Case 2 pedigree. Matrilineal relatives with deafness in this family. The relatives did not have a hearing test and did not undergo genetic testing.
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