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Unilateral cochlear nerve hypoplasia in children with mild to moderate
hearing loss

HIDENOBU TAIJI', NORIKO MORIMOTO! & TATSUO MATSUNAGA?

! Department of Otorhinolaryngology, National Center for Child Health and Development and *Laboratory of Auditory
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Abstract

Conclusion: Even if hearing loss is mild to moderate, the presence of cochlear nerve (CN) hypoplasia associated with
retrocochlear disorders should be considered. Objectives: CN hypoplasia is a term that refers to an absent cochlear nerve
on high-resolution magnetic resonance imaging (MRI). Most cases of CN hypoplasia are associated with profound hearing
loss. The present study reports six pediatric cases of unilateral CN hypoplasia with mild to moderate hearing loss. Methods:
Between May 2008 and April 2011, pure-tone hearing tests were performed in 17 patients who were diagnosed with CN
hypoplasia on high resolution for evaluation of unilateral sensorineural hearing loss at the National Center for Child Health and
Development. Of these, six patients had average hearing levels in the affected ears of < 60 dB and were therefore included in this
study. Resuirs: All six ears with CN hypoplasia were associated with CN canal stenosis. DPOAEs were present in one (17%) of
the six affected ears. The ABR thresholds of the ears with CN hypoplasia were significantly elevated compared with 1-4 kHz
pure-tone hearing levels in one of three cases. In two of five cases, the maximum word recognition scores of the affected ears
were poor cormpared with pure-tone hearing levels.

Keywords: 3-D constructive interference, steady-state magnetic vesonance wnaging, word recogrition score,
sensorineural hearing loss

Introduction Material and methods
Cochlear nerve (CN) hypoplasia refers to the absence Patient popularion

of a visible CN on oblique sagittal magnetic resonance
(MR) images of the lateral aspect of the inner auditory
canal (IAC). CN hypoplasia is not an uncommon
cause of congenital hearing loss as previously thought
[1,2]. Although it is believed that most cases of CN
hypoplasia are associated with profound hearing loss
[1], a recent report presented a case of CN hypoplasia
with moderate hearing loss limited to high frequencies
[3]. The present study reports six pediatric cases
of unilateral CN hypoplasia with mild to moderate
hearing loss, and demonstrates that retrocochlear
hearing loss is the predominant audiologic characte-
ristic in these children.

Between May 2008 and April 2011, 25 children who
presented for evaluation of unilateral sensorineural
hearing loss (SNHL) at the National Center for Child
Health and Development were diagnosed with CN
hypoplasia on high-resolution MR imaging (MRI).
Pure-tone hearing tests could be performed in 17 of
these 25 children. Pure-tone audiometry was evalu-
ated based on the three-tone average formulated by
(a+b+c)/3, where a, b, and ¢ are hearing levels at 0.5,
1, and 2 kHz, respectively. Eleven cases had pro-
found hearing loss in the affected ears, with average
hearing levels of >90 dB. The average hearing levels
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Cochlear nerve hypoplasia with wild hearing loss 1161
Table I. Audiologic and radiologic findings in children with unilateral cochlear nerve (CN) hypoplasia.

Audiologic findings in affected ear CNC diameter (mm)

Age Pure-tone hearing ABR thresholds Maximum speech Affected Healthy
Case no. (years)/sex Side level (dB) (dB nHL) discrimination (%) DPOAE ear ear
1 6/F R 41 80 25 Absent 1.2 1.7
2 5/F L 35 90 60 Absent 0.7 1.9
3 8/F R 59 - 70 Absent 0.5 1.7
4 8/M R 38 - 90 Normal 1.3 2.0
5 13/F L 59 - 50 Absent 1.0 2.1
6 4/F R 40 60 - Absent 0.3 1.8

-, not evaluated; ABR, auditory brainstem response; CNC, cochlear nerve canal; DPOAE, distortion product otoacoustic emission; F,

female; M, male.

of the affected ears in the remaining six (24%) cases
were <60 dB (Table I). These six patients were
therefore included in this study for further analysis.
The six pediatric cases consisted of one boy and five
girls with a mean age of 7.3 years (range, 4-13 years).
None of the children had known syndromes that
could cause hearing loss or risk factors of hearing

loss such as a history of prematurity, hypoxia, and
hyperbilirubinemia.
Imaging

High-resolution computed tomography (HRCT) of
the temporal bone in all patients was performed with

Figure 1. Cochlear nerve hypoplasia in a 5-year-old girl with left sensorineural hearing loss (SNHL) (case 2). (a, b) Oblique sagittal magnetic
resonance (MR) images of the inner auditory canal (JAC). Four nerves were detected in the right (a), while the left cochlear nerve is not visible
(b). CN, cochlear nerve; FN, facial nerve; IVN, inferior vestibular nerve; SVN, superior vestibular nerve. (¢, d) Axial images of temporal bone
high-resolution computed tomography (HRCT) show narrowing of left cochlear nerve canal (CNC) (d, 0.7 mm) compared with the right CNC

(c; 1.9 mm).
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Figure 2. Audiologic findings in a child with right-sided cochlear nerve hypoplasia (case 1). (A) Auditory brainstern responses (ABRs), (B)

pure-tone audiogram, (C) word recognition curve.

a multidetector-row CT scanner (8-detector, Light-
speed Ulwa, GE, Milwaukee, USA). Images were
acquired in the direct axial planes using a 0.652 mm
slice thickness. The diameter of the CN canal (CNC)
was measured along the inner margin of its bony walls
at its middle portion on the axial image of the base of
the modiolus.

MR images were obtained using a 1.5 Tesla
system (Intera 1.5T; Philips, Belgium) according

to a protocol described previously in detail [4].
The MRI scans included 3-D T2-weighted fast
spin-echo sequences in axial and oblique sagittal
images of the IAC with a 0.7 mm slice thickness.
The 3-D constructive interference in steady-state
(CISS) images was then reconstructed by traversing
the TAC in a perpendicular orientation, producing
images that visualized the four nerves (facial, super-
ior vestibular, inferior vestibular, and cochlear). The
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Figure 3. Audiologic findings in a child with lefi-sided cochlear nerve hypoplasia (case 2). (A) Auditory brainstem responses (ABRs),
(B) pure-tone audiogram, (C) word recognition curve.

findings of a normal ear are shown in Figure la, b, brainstem response (ABR) testing, as well as speech
(case 2, right ear). audiometry were performed. DPOAEs were measured
in all subjects for pairs of primary tones (f1 and £2),
with a fixed ratio of f2/f1 = 1.2, and fizxed levels of 65 dB
Audiologic assessment SPL (1) and 55 dB SPL (I.2) using the 11.0292
system (Otodynamics, UK). The frequency of f2
In additon to the pure-tone hearing test, distortion was stepped through a range of 1-6 kHz to yield a
product otoacoustic emission (DPOAE) and auditory nine-point DPGram.
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ABRs were recorded in three subjects using the
MEB-2204 system (Nihon Koden, Japan). The
0.1 ms clicks with alternating polarity were presented
monaurally at a repetition rate of 10 Hz and a maximum
intensity of 105 dB nHL.

Speech audiometry was performed in five subjects,
but not in case 6 where the test could not be done.
The maximum word recognition scores were evalu-
ated based on the percentage of correct answers out of
20 words, using Japanese word list 67-S. In normal-
hearing subjects, the maximum word recognition
scores using the word list are usually 290%.

Results

A summary of the findings for the six children with
unilateral CN hypoplasia diagnosed by MRI is shown
in Table 1. On the oblique sagittal MRI image of case
2, the left CN is undetectable, while the right CN is
normal (Figure 1a, b). The hearing levels of the
affected ears in the six cases ranged from 35 to 59
dB (Table I). The audiogram shapes (Figures 2, 3,
and 4) were high-frequency sloping (cases 3, 5, and
6), rising (case 4), 2—4 kHz noich (case 1), and
inverted scoop shape (case 2). DPOAEs were present
in only one (17%) of the six affected ears, and the
shape of the hearing loss curve for that ear was rising.

In one of the three cases in which ABR testing was
performed, the ABR threshold of the ear with CN
hypoplasia was significantly elevated compared with
that expected from 10004000 Hz pure-tone hearing
levels (case 2). Speech discrimination tests were per-
formed in five cases (Figures 2¢, 3¢, and 4b, d, f) but
not in the 4-year-old patient (case 6). In two of these
five cases (cases 1 and 2), the maximum word rec-
ognition scores of the ears with CN hypoplasia were
poor compared with those of pure-tone hearing levels.
In one case (case 4), the maximum word recognition
score of the affected ear was 90%, burt the results for
50 dB and 90 dB were 90% and 60%, respectively.
Therefore, the word recognition curve in case
4 showed marked roll-over.

The click-evoked ABR tracing, pure-tone audio-
gram, and word recognition curves for case 1 are
shown in Figure 2. The pure-tone audiogram of the
right ear (affected side) showed a 24 kHz notch
configuration. The wave V threshold of the right ear
was elevated (80 dB nHL). The ABR threshold com-
pared with the 1-4 kHz pure~tone hearing level of the
right ear was slightly higher than expected. The maxi-
mum word recognition score of the right ear was 25%,
which was lower than expected for pure-tone hearing.

The click-evoked ABR tracing, pure-tone audio-
gram, and word recognition curves for case 2 are
shown in Figure 3. The pure-tone audiogram of the

Cochlear nerve hypoplasia with mild hearing loss 1165

left ear (affected side) showed an inverted scoop
shape. The ABR threshold of the left ear was
90 dB nHL and the maximum word recognition score
of the left ear was 60%. These values were smaller
than expected for pure-tone hearing.

All six ears with CN hypoplasia were associated
with CNC stenosis (CNC diameter, <1.5 mm; mean,
0.83 mm). In contrast, the unaffected ears of the six
children had CNC diameters of >1.5 mm (mean,
1.9 mm). Axial HRCT images of a representative
case (case 2) of severe CNC stenosis are shown
in Figure 1c and d. No cochlear malformations
were seen in the six children.

Discussion

We defined CN hypoplasia as an undetectable. CN on
axial, coronal, or reconstructed oblique sagittal MR
images. An extremely small nerve, below the limits of
resolution of MRI, could appear absent and therefore
should not be disregarded. Therefore, we avoid the
terms deficiency, aplasia, and agenesis.

The mechanism of CN hypoplasia in children
remains speculative. Both congenital deficiency and
acquired degeneration of the CN might be seen in
children with SNHL [5]. In pediatric cases, it i§
possible that a vascular insult during critical periods
in development may result in isolated CIN agenesis or
degeneration [1]. CN hypoplasia is often associated
with cochlear anomalies [4] or various coexisting
syndromes such as CHARGE association [1]. Neither
cochiear malformations nor known syndromes were
recognized in the patients presented in this report.

CN hypoplasia is not as uncommon as previously
thought [1]. Recent studies suggest that CN dysfunc-
tion accounts for up to 10% of diagnosed cases of
pediatric SNHI. [2]. Miyasaka et al. [4] reported CN
hypoplasia in 8 of 42 (19%) ears on MRI. Of these,
four ears had inner ear malformations. In the present
study, no cochlear malformations were recognized
in the six ears with CN hypoplasia. In addition, a
relationship between CNC stenosis and CN hypo-
plasia was previously reported [2,6,7]. CNC diameter
measurements of <1.8 mum were considered mode-
rate stenosis, while measurements of <1.0 mm
were defined as critical stenosis [8]. A CNC diameter
of <1.5 mm on CT suggested CN hypoplasia [4,6,7].
All six ears with CN hypoplasia in this study were
associated with CNC stenosis (CNC diameter,
<1.5 mm). And also 11 ears with CN hypoplasia
with profound hearing loss were associated with
CNC stenosis. The mean (SD) CNC diameter was
0.83 (0.40) mm in the affected side of 6 cases with
mild to moderate hearing loss, and 0.72 (0.32) mm in
the affected side of 11 cases with profound hearing
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loss. The CNC diameters in the group with profound
hearing loss were slightly narrower than in the group
with mild to moderate hearing loss, but there was no
statistically significant difference (p = 0.28, 1 test).
CNC may require stimulation by its contents for
normal development, meaning that CNC stenosis
may occur secondary to CN hypoplasia [6]. However,
it was previously reported that CNC stenosis can
occur without CN hypoplasia [4]. CNC stenosis on
CT may therefore be indicative of the diagnosis of CN
hypoplasia, but MRI shouid be performed to confirm
the diagnosis.

In the past, it was thought that CN hypoplasia was
always associated with profound SNHL. [1], buta case
of CN hypoplasia without profound hearing loss was
reported recently [3]. In that case, an extremely small,
preserved, and partdally functional CN was believed to
be present in the affected ear [3]. A minimal number
of residual CN fibers, which were too small to be
detected by MRI, may be enough to deliver sound
information without threshold elevation [8].

CN hypoplasia may present as auditory neuropathy
spectrum disorder (ANSD) [1,9]. In this study,
DPOAEs were detected in one of six cases, which
indicated normal outer hair cell function. In the
11 cases of CN hypoplasia with profound hearing
loss, DPOAEs at the affected ears were detected in
four cases (36%). The presence rates of DPOAEs
were supposed not to relate to hearing levels. The
reason for absent DPOAEs in cases of mild hearing
loss is unclear, but malformations of inner ear micro-
structures associated with congenital CN hypoplasia
are considered to be the cause of absent DPOAEs.
The shape of the hearing loss curve in the case with
normal DPOAE was rising (Figure 4c¢), and the
pure~tone thresholds at 2-8 kHz were <15 dB. The
normal DPOAE response in this case is assumed to
indicate the preservation of inner ear function at high
frequencies.

In case 2, who was one of three cases in which ABR
testing was performed, the ABR threshold of the
affected ear was significantly elevated compared with
that expected from 1-4 KHz pure-tone hearing levels.
The eclevated ABR threshold in the case suggests
disorders of CN synchrony at high frequencies.

Speech discrimination assessments showed poor
maximum word recognition scores compared with
that expected from pure-tone hearing levels in two
affected ears. In addition, the word recognition
curve of an affected ear had marked roll-over.
The results of the speech discrimination tests sug-
gested retrocochlear disorders in the affected ears.
Some of the findings of the ABR and the word
recognition tests in CN hypoplasia are consistent
with audiologic characteristics of ANSD, which has

been reported as retrocochlear hearing loss in CN
hypoplasia [1]. It is believed that 6-28% of ANSD
cases are due to CN hypoplasia {1,10,11]. CT is
recommended for the initial screening of children
with SNHIL. [4]. For children with ANSD, high-
resolution MRI of the CIN should be performed as
the initial imaging study [12]. The results of the
present study suggest that the imaging study for the
screening of CN hypoplasia is desirable for even
mild to moderate hearing loss.

Conclusion

Here, we presented six pediatric cases of CN hypo-
plasia with mild to moderate hearing loss. Audiologic
characteristics of some ears with CN hypoplasia in this
study suggested retrocochlear disorders. Even if hear-
ing loss is mild to moderate, the presence of CN
hypoplasia associated with retrocochlear disorders
should be considered.

Declaration of interest: The authors report no
conflicts of interest. The authors alone are responsible
for the content and writing of the paper.
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Caochlear Nerve Deficiency and Associated Clinical Features in Patients With
Bilateral and Unilateral Hearing Loss.

Makano A, Armelo ¥, Matsunaga T,
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Hospital Organization, Tokyo Medical Center, Tokyo, Japan.

Abstract

OBJECTIVE: To clarify the prevalence and clinical characteristics of cochlear nerve deficiency ([CND)
in patients with congenital bilateral and unilateral hearing loss.

STUDY DESIGN: Retrospeciive case review.

SETTING: Tertiary refemral center.

PATIENTS: Une hundred fourteen children with bilateral and 56 children with congenital unilateral
sensoneural hearing loss.

MAIN OUTCOME MEASURES: Review of medical records, audiologic tests, and imaging studies.
Imaging studies were evaluated for the presence or absence of abnormalities in the bony cochlear
nerve canal (BCWC), internal auditory canal (IAC), and inner ear.

RESULTS: The prevalence of CHD, wheather unilateral or bilateral, was much higher in the unilateral
than in the bilateral hearing loss group: 50% (28/56) versuz 5.3% (61 14). Among the 5 children with
bilateral hearing loss and CND, 2 had bilateral BCNC stenosis alone, 2 had bilateral BCNC stenosis
and unilateral IAC stenosis, 1 had unilateral BCNC stenosis alons, and 1 had unilateral 1AC stenosis
alona. All 28 children with unilateral hearing loss and CND had BCNC stenosis, whereas 9 {32.1%)
also had concurrent IAC stenosis. Thres of the 6 children with CND and bilateral hearing loss and 5 of
the 28 children with CND and unilateral hearing loss also had other inner ear abnormalities.

CONCLUSION: Our results suggest differences in the causes and mechanisms of CND in children
with bilateral versus unilateral hearing loss.

PRAID: 23448441 [Publded - 3z supplied by publisher]
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ABSTRACT

It is rarely reported that two distinct genetic mutations affecting hearing have been found in one family. We
report on a family exhibiting comorbid mutation of G/B2 and WFSI1. A four-generation Japanese family with
autosomal dominant sensorineural hearing loss was studied. In 7 of the 24 family members, audiometric
evaluations and genetic analysis were performed. We detected A-to-C nucleotide transversion (¢.2576G>C) in
exon 8 of WFST that was predicted to result in an arginine-to-proline substitution at codon 859 (R859P), G-to-A
transition (¢.109G>A) in exon 2 of GJB2 that was predicted to result in a valine-to-isoleucine substitution at
codon 37 (V371), and C-to-T transition (c.427C>T) in exon 2 of GJB2 that was predicted to result in an arginine-
to-tryptophan substitution at codon 143 (R143W). Two individuals who had heterozygosity of GJB2 mutations
and heterozygosity of WFS1 mutations showed low-frequency hearing loss. One individual who had
homozygosity of GJB2 mutation without WFST mutation had moderate, gradual high tone hearing loss. On the
other hand, a moderate flat loss configuration was seen in one individual who had compound heterozygosity of
GJB2 and heterozygosity of WFS1 mutations. Our results indicate that the individual who has both G/B2 and WFS1

mutations can show GJB2 phenotype.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

More than half the incidence of congenital hearing loss is due to
hereditary factors (Smith et al., 2005). Owing to recent advances in
molecular genetics, more than 400 genetic syndromes have been
associated with hearing loss and more than 140 genetic loci
associated with nonsyndromic hearing loss have been mapped, with
more than 60 genes identified to date (Van Camp G, Smith RJH.
Hereditary Hearing Loss Homepage, last updated 2011 June 17.
Available at: http://hereditaryhearingloss.org). Hereditary hearing
loss can be inherited as an autosomal dominant, autosomal recessive,
X-linked or mitochondrial (maternally inherited) condition. It is
rarely reported that two distinct genetic mutations linked to hearing
loss have been found in one family. Now we report on a family
exhibiting comorbid mutations of GJB2 and WFS1.

Mutations in the GJB2 gene encoding connexin 26 are the most
common cause of nonsyndromic autosomal recessive sensorineural
hearing loss (DENB1) in many populations (Estivill et al, 1998;
Matsunaga et al., 2006; Morell et al., 1998). To date, more than 150
mutations, polymorphisms, and unclassified variants have been
described in the GJB2 gene (http://davinci.crg.es/deafness). The

Abbreviations: ABRs, Auditory Brainstem Responses; ASSR, Auditory Steady-State
Response.
* Corresponding author at: 2-5-1 Higashigaoka Meguro-ku, Tokyo 152-8902, Japan.
Tel.: +81 33411 0111; fax: +81 3 3412 9811.
E-mail address: shujirominami@me.com (S.B. Minami).

0378-1119/% - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.gene.2012.03.060

mutation spectrum and prevalence of mutations vary significantly
across different ethnic groups (Dai et al,, 2009; Estivill et al., 1998;
Morell et al., 1998; Ohtsuka et al., 2003 ). SNHL-causing allele variants
of GJB2 alter the function of the encoded protein, connexin 26, in the
inner ear. Connexin 26 aggregates in groups of six around a central
2-3 nm pore to form a doughnut-shaped structure called a connexon
(Maeda et al., 2009). The connexons from contiguous cells covalently
bond to form intercellular channels. Aggregations of connexons are
called plaques and are the constituents of gap junctions. The gap
junction system might be involved in potassium circulation, allowing
ions that enter hair cells during mechanosensory transduction to be
recycled to the stria vascularis (Zdebik et al., 2009).

The WFS1 gene maps to chromosome 4p16, and has a transcript of
3640 nucleotides of which 2673 bp are coding. WFS1 consists of
8 exons, of which the first exon is non-coding. The largest exon is
exon 8, where the coding part is 1812 bp long. Numerous sequence
variants/polymorphisms, mainly in exon 8 of WFSI, have been
reported (Cryns et al., 2003a). WFS1 extends over 33.4 kb of genomic
DNA. The gene transcribes an mRNA of 3.6kb that encodes
wolframin, an 890-amino-acid protein with a predicted molecular
mass of 100 kDa (Inoue et al,, 1998). Its function within the inner ear
is currently unknown, but its localization in the endoplasmic
reticulum (ER) suggests a possible role for wolframin in ion
homeostasis maintained by the canalicular reticulum, a specialized
form of ER (Cryns et al, 2003b). Mutations in WFS1 underlie
autosomal recessive Wolfram syndrome (MIM# 222300) (Strom
et al,, 1998) and autosomal dominant low frequency sensorineural
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hearing impairment (LFSNHI) DFNA6/14 (MIM# 600965) (Bespalova
et al, 2001; Young et al,, 2001). Hearing impairment in Wolfram
syndrome is progressive and mainly affects the high frequencies
(Higashi, 1991). In contrast, hearing impairment associated with
DFNA6/14 affects only the low frequencies and it shows little or no
progression (Bom et al, 2002; Brodwolf et al, 2001; Kunst et al,
1999; Lesperance et al., 2003; Pennings et al., 2003). This is the first
report of a family with comorbid hereditary hearing loss of DFNB1
and DFNA6/14.

2. Materials and methods
2.1. Family report

All the procedures were approved by the Ethics Review Committee
of National Tokyo Medical Center and were carried out only after a
written informed consent had been obtained from each individual or
parents of the children.

A four-generation Japanese family with autosomal dominant
sensorineural hearing loss was studied (Fig. 1). The family does not
have a history of diabetes mellitus, dysopia, nor psychiatric disorders,
which are the characteristic symptoms of Wolfram syndrome. In 7 of
the 23 family members, audiometric evaluations and a genetic
analysis were performed. Information regarding hearing loss in the
other 16 family members was obtained through interviews with the 7
family members. Pure tone audiometry was carried out in all
participants, with the exception of the proband, who was 1 year of
age. Hearing loss in the proband was assessed via Auditory Brainstem
Responses (ABRs) and Auditory Steady-State Response (ASSR).
During the recording sessions for evoked audiometry (ABR and
ASSR), the patient was in a state of induced sleep. He was sedated
with triclofos sodium (80 mg/kg, administered orally). ABR and ASSR
studies were obtained using the AUDERA device (Grason-Stadler).

GJB2 [V371/V371]
WFS1[-/-]

2.2. Genetic analysis

Based on the age and audiometric configurations of the family
members, we screened for the presence of GJB2 and WFST mutations
(Matsunaga, 2009). The entire coding regions ofG/B2 were amplified
using the primer pair Cx48U/Cx1040L (Matsunaga et al.,, 2006). Coding
exons 2-7 of WFST were amplified using primers and the PCR protocol
previously described (Strom et al,, 1998). For the coding sequence in
exon 8 of WFS1, three primer pairs were designed, yielding overlapping
products of around 700 base pairs. The primer pairs are as follows:
5'-AGGCGTGAGATGGGAGCAGT-3’ and 5’-AGGCGTGAGATGGGAGCAGT-
3, 5'-TGGTGTGCTTCATGTGGTG-3' and 5/-TGGCATGCCCACGGTAATCT-
3/, 5'-ATCGTGCTGTTCIGCTGGTTC-3" and 5'-ACACATGGTCGCAAGGTCTC-
3. Polymerase chain reaction products were sequenced and analyzed
with an ABI sequencer 377XL (PerkinElmer).

3. Results

Individual IV-3 is the proband, a 1-year-old boy. He was born a
low-birth-weight baby (1861 g) after a gestation of 30 weeks and
6 days, and admitted to a neonatal intensive care unit. He underwent
the ABR test at 8-months-old and the wave V in responses to click
noises of 40 dB on both sides was confirmed (Figs. 2A,B). ASSR test at
one year of age showed a low-frequency hearing loss (Figs. 2C,D). In
the proband, we detected a heterozygous A-to-C nucleotide transver-
sion (c.2576G>C) in exon 8 of WFST that was predicted to result in
an arginine-to-proline substitution at codon 859 (R859P), which was
reported as a pathological mutation. The proband also had a
heterozygous G-to-A transition (c.109G>A) in exon2 of G/B2 that
was predicted to result in avaline-to-isoleucine substitution at codon
37 (V371). Individual IV-2 had low frequency sensorineural hearing
loss with pure tone audiometry at 4 years of age as well (Fig. 3A).
Sequencing of GJB2 and WEFS1 revealed a heterozygous C-to-T
transition (c.427C>T) in exon2 of GJB2 that was predicted to result

GJB2 [ -/R143W]
4 WFS1 [ /-]
5

GJB2 [ ~/R143W]
WFS1[-/-1

GJB2 [ -/ R143W]
WFS1 [ -/R859P]

GJB2 [V37I/R143W]
WFS1 [ -/R859P]

GJB2 [ -/ v371]
WFS1 [ -/R859P]

[0 O nomal hearing

— blood sample taken

B @ thearingloss
/' proband

Fig. 1. Pedigree of the DFNB1/DFNA6/14 family.
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Fig. 2. Auditory assessment of individual IV-3 (proband). Both sides of ABRs (A: left, B: right) showing well waveforms at wave V down to 40 dB. The estimated audiograms by ASSR

(C: left, D: right) show reverse-slope hearing loss.

in an arginine-to-tryptophan substitution at codon 143 (R143W) and
heterozygosity for R859P mutation of WFS1. Individual V-1 had
normal hearing and just heterozygosity for the R143W mutation of
GSB2. Individual I1I-2 had normal hearing and no mutations of G/B2
and WEFSI. Individual III-5 was 34 years old, and had moderate
sensorineural hearing impairment at all frequency levels (Fig. 3B).
Sequencing of G/B2 and WFST revealed compound heterozygosity for
the V371 and R143W mutation of GJB2 and heterozygosity for R859P
mutation of WFS1. Individual II-5 was 61 years old, and had moderate
hearing loss gently sloping (Fig. 3C). Sequencing of GJB2 and WFS1
revealed homozygosity for the V371 mutation of GJB2, but not WFS1
mutations. Individual II-11 had normal hearing and heterozygosity
for the R143W mutation of GJB2.

4, Discussion

We found a family who has both a G/B2 mutation and a WFS1
mutation. The individuals who have heterozygosity of GJB2 mutations
and heterozygosity of WFST mutations show low-frequency hearing
loss. On the other hand, flat loss configuration was found in the
individual who has compound heterozygosity of GJB2 mutation and
WFS1 mutation, and gradual high tone loss was seen in the individual

who has homozygosity of G/B2 mutation without WFS1 mutations.
According to our results, the individual who has both GJB2 and WFS1
mutations shows the GJB2 phenotype. We should think about the
effect of age modifying the hearing phenotype. However, the hearing
impairments of [lI-5, 34 years old woman, andll-5, 61 years old man,
are much worse at all frequencies than ISO 7029 norms, which were
applied to establish 95th percentile threshold values for presbyacusis
at each frequency in relation to the patient's age and sex (ISO
7029-2000 [ISO, 2000]).

Both V371 and R143W mutations in GJB2 are non-inactivating
mutations (Snoeckx et al, 2005). It has been reported that non-
inactivating mutations of GJB2 show less severe hearing impairment
than inactivating mutations (Angeli, 2008; Cryns et al,, 2004). As in
this report, both homozygosity of V371 mutation and compound
heterozygosity of V371 and R143W mutations show moderate hearing
impairment, even if they are comorbid with WFST mutation.

Both parents of subject IlI-5 had no WFSI mutations, indicating
that heterozygosity for R859P mutation of WFST of individual III-5 is a
new mutation. R859P mutation of WFS1has been previously reported
in one large family from the United States (Gurtler et al, 2005). A
missense mutation at ¢.2576G>C results in an amino acid substitu-
tion, p.R859P, in a highly conserved area across human, mouse, and
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Fig. 3. Representative audiograms of individual V-2 (A), individual HI-5 (B), and
individual 1I-5 (C) showing pure-tone audiometry results for air conduction bilaterally.
Circles, air conduction right ear; crosses, air conduction left ear. Severe reverse-slope
loss is seen in IV-2, whereas moderate flat hearing loss in 1lI-5 and moderate hearing
loss with mild ski-slope type inll-5.

rat. The mutation substitutes proline for naturally occurring arginine;
this substitution is known to disrupt helical chains. It is likely that the
mutation significantly alters the secondary structure of wolframin by
creating a bending point in the amino acid chain in the C-terminal
domain. The wolframin function in the cochlea is unknown so far, but
if wolframin and connexin 26 serve very different functions in the
cochlea, the person who has comorbid WFS1 and GSB2 mutations
would show additive hearing impairment. However, the comorbid case
showed non-additive hearing loss, which indicates that wolframin may
play a relevant role with connexin 26. That is to say, it is possible that
wolframin in the cochlea works in potassium recycling. It is reported
that sodium-potassium ATPase b1 subunit is a molecular partner of
wolframin (Zatyka et al.,, 2008), which may support our hypothesis.
However, genotype and phenotype correlation may not be such a
simple process, but there may be many genetic and environmental
factors. The duality of WFS1 in frequency-specific hearing, which
is the observation that recessive inactivating mutations cause high-
frequency hearing loss as part of Wolfram syndrome and dominant
noninactivating missense mutations cause low-frequency hearing loss,
is still mysterious.

In conclusion, we have reported on a family which has comorbid
mutations of G/B2 and WFST mutations, including one individual who
has both GJB2 and WFST mutations and shows a GJB2 phenotype. We
should think about the possibility of comorbid gene mutation for
hearing impairment. It is worth noting that more than 2 genetic
mutations responsible for deafness can occur in one individual, and
that the hearing characteristics of phenotype help us to speculate on
molecular functions in the cochlea.
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Genetic mutation is one of the causative factors for idiopathic progressive hearing loss. A patient with
late-onset, moderate, and high-frequency hearing loss was found to have a novel, heterozygous KCNQ4
mutation, ¢.806_808delCCT, which led to a p.Ser260del located between S5 and the pore helix (PH).
Molecular modeling analysis suggested that the p.Ser269del mutation could cause structural distortion
and change in the electrostatic surface potential of the KCNQ4 channel protein, which may impede K+
transport. The present study supports the idea that a non-truncating mutation around the N-terminus
of PH may be related to moderate hearing loss.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Currently, 50 loci and 27 responsible genes for autosomal dom-
inant non-syndromic hearing loss (DFNA) have been identified [1].
KCNQ4 is one gene that can cause DFNA, type 2 (DFNA2, OMIM:
600101) [2,3]. Patients with mutations in this gene present pro-
gressive sensorineural hearing loss starting in the high frequency
range. KCNQ4 (OMIM: 603537) is a voltage-gated KQT-like potas-
sium channel. It modulates the resting membrane potential of
the outer hair cells, a type of auditory sensory cell. A functional
KCNQ4 channel consists of four subunits. Each subunit contains
six putative domains that span the cellular membrane (S1-S6), a
K+-selective pore region consisting of S5, S6, a pore helix (PH),
and a pore-loop (P-loop) domain, and N- and C-terminal regions
[31.

So far, 11 missense mutations, one nonsense mutation, and
three small deletion mutations in KCNQ4 have been reported to
be associated with hearing loss. Understanding the molecular
pathology resulting from each KCNQ4 mutation would be benefi-
cial in predicting the clinical course of KCNQ-related hearing
loss. KCNQ4 mutations can be divided into non-truncating and

Abbreviations: DFNA2, nonsyndromic autosomal dominant sensorineural deaf-
ness type 2; KCNQ4, potassium voltage-gated channel; KQT-like subfamily, member
4; ABR, auditory brainstem response.

* Corresponding author. Fax: +81 3 3412 9811.
E-mail address: matsunagatatsuo@kankakuki.go.jp (T. Matsunaga).

0006-291X/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.bbrc.2013.01.118

truncating mutations (Table 1). Most of the KCNQ4 non-truncating
mutations in the pore region are associated with severe hearing
loss, except for a non-truncating mutation at the N-terminus of
PH, p.Tyr270His, which has been associated with moderate hearing
loss [13]. In an electrophysiological study, co-expression of wild-
type KCNQ4 with each non-truncating mutation associated with
severe hearing loss, including p.Leu274His, p.Trp276Ser, p.Leu281-
Ser, p.Gly285Cys, p.Gly285Ser, p.Gly296Ser, p.Gly321Ser, and
p.Gly322_Leu327del, has been shown to result in significantly re-
duced or non-detectable current [14]. These results indicate that
the severe hearing loss in patients carrying these heterozygous
mutations is due to a dominant negative effect. On the other hand,
the protein products of two KCNQ4-truncating mutations,
p.GIn71SerfsX138 and p.Gln71fs, lack structural motifs, such as
transmembrane domains, and are probably not synthesized from
these alleles. Moderate hearing loss in patients carrying these
mutations in the heterozygous allele has been considered to be
due to haploinsufficiency [3,11].

We identified a novel heterozygous KCNQ4 non-truncating
mutation, ¢.806_808delCCT, that leads to deletion of a serine resi-
due at position 269 (p.Ser269del), located in the region between S5
and the PH of the protein. Unlike other patients with KCNQ4 non-
truncating mutations, the patient who carried this mutation pre-
sented moderate hearing loss. Previously, we reported that a pa-
tient having KCNQ4 with p.Try270His, which is located next to
Ser269, showed moderate hearing loss [13], raising the possibility
that mutation at or proximal to the N-terminus of PH is associated
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Table 1
KCNQ4 mutations affecting the pore region of the channel protein in DFNA2 families.
Exon Nucleotide Amino acid Protein domain Onset (y) Progression Severity Mechanism Refs.
Non-truncating 5 Missense  ¢.778G>A p.Glu260Lys S5 1-20 Yes NY% Unknown [9]
mutation 5 c.785A>T p.Asp262Val S5-PH 1-20 Yes NY Unknown (9]
5 c.808T>C p.Tyr270His N-terminus of PH 0 Yes MD Unknown [13]
5 c.821T>A p.Leu274His PH 1-20 Yes NY D.N.E. [12]
5 c.827G>C p.Trp276Ser PH 1-20 Yes SV D.NE. [3-5]
6 c.842T>C p.Leu281Ser PH 1-20 Yes NY D.N.E. [6]
6 c.853G>T p.Gly285Cys P-loop 1-20 Yes NY% D.N.E. [3]
6 c.853G>A p.Gly285Ser P-loop 1-20 Yes NY D.N.E. [2]
6 ¢.859G>C p.Gly287Arg P-loop 1-20 Yes NY% D.N.E. 7]
6 c.886G>A p.Gly296Ser S6 1-20 Yes NY D.N.E. [8]
7 c.961G>A p.Gly321Ser S6 1-20 Yes Y D.N.E. [3]
4 Deletion  c.664_681del18 p.Gly322_Leu327del S5 1-20 Yes N D.N.E. [10]
5 ¢.806_808del3 p.Ser269del S5-PH 1-20 Yes MD See This
discussion  study
Truncating 1 Deletion  c.211dell p.Gln71SerfsX138 N-terminal Unknown Yes MD H.L? [11]
mutation cytoplasmic
1 ¢.212_224del13  p.GIn71fs N-terminal 1-20 Yes MD H.L? [3]
cytoplasmic
5 Nonsense ¢.725G>A p.Trp242X S5 1-20 Unknown NY Unknown [91

SV: severe, MD: moderate D.N.E.: dominant negative effect, H.L.: haploinsufficiency, PH: pore helix.

with moderate hearing loss. In this study, we used molecular mod-
eling to elucidate the molecular mechanism underlying moderate
hearing loss associated with KCNQ4 harboring the p.Ser269del
mutation.

2. Materials and methods
2.1. Subjects

All procedures were approved by the Ethics Review Committee
of National Mie Hospital and National Tokyo Medical Center, and
were conducted after written informed consent had been obtained
from each individual.

2.2. Clinical analysis

Hearing level was measured by pure tone audiometry and evalu-
ated by averaging four frequencies, 500, 1000, 2000, and 4000 Hz in
the better hearing ear and was classified according to the criteria of
GENDEAF (moderate, 41-70 dB; severe, 71-95 dB) [1]. Clinical infor-
mation, such as age of onset and presence of progression, was gath-
ered from the medical records. Computed tomography (CT) and
magnetic resonance imaging (MRI) were done to check whether the
patient had an inner ear anomaly and/or retrocochlear disease. Audi-
tory brainstem response (ABR) and distortion product otoacoustic
emission (DPOAE)were also examined to evaluate inner ear function.

2.3. Genetic analysis

KCNQ4 was selected as the candidate gene on the basis of clin-
ical features, including onset of hearing loss, audiogram patterns,
imaging studies, and hereditary pattern [15]. Prior to this study,
the patient was confirmed to have neither GJB2 mutations, the
most commeon causative gene of hereditary hearing loss, nor mito-
chondrial m.1555A>G and m.3243A>G mutations. Genomic DNA
was extracted from blood samples using the Gentra Puregene
Blood kit (QIAGEN, Hamburg, Germany). PCR primers specific for
KCNQ4 (GenBank NG_008139, NCBI Build37.1) were selected from
the resequencing amplicon probe sets (NCBI). All of the exons, to-
gether with the flanking intronic regions, of KCNQ4 were analyzed
by bidirectional sequencing using an ABI 3730 Genetic Analyzer
(Applied Biosystems, CA, USA) and the ABI Prism Big Dye Termina-
tor Cycle Sequencing kit (Applied Biosystems). The sequences were
characterized using SeqScape software v.2.6 (Applied Biosystems)

and DNASIS Pro (Hitachisoft, Tokyo, Japan). Control DNA was ob-
tained from 96 Japanese subjects with normal hearing.

2.4. Molecular model analysis

To predict the effects of the mutation on the KCNQ4 channel,
molecular modeling of KCNQ4 was performed as previously de-
scribed [13]. The crystal structure of Kv1.2 (PDB ID: 3LUT, chain B)
[16] was used as the structural template for modeling of the KCNQ4
sequence based on sequence homology as determined through Gap-
ped BLAST [17] and PDBsum [18]. The pore regions of wild-type
KCNQ4 and the p.Ser269del mutation were modeled using SWISS-
MODEL Workspace [19] and validated using the Verify 3D Structure
Evaluation server [20,21]. The models were each superimposed onto
Kv1.2 using Chimera [22] to visualize ribbon models with electro-
static surface potentials and the hydrogen bonds of either wild-type
KCNQ4 or KCNQ4 with the p.Ser269del mutation.

3. Results
3.1. Clinical features

The proband was a 25-years-old female in a pedigree of autoso-
mal dominant progressive hearing loss (Fig. 1A). She has become
conscious of progressive bilateral hearing loss, since she has become
20 years-old. At 24 years-old, severe mixed hearing loss with high
frequency dominance was found in the right ear by pure tone audi-
ometry. An air-bone gap was considered to have resulted from an
operation for a right cholesteatoma at 8 years of age. Moderate sen-
sorineural hearing loss with high frequency dominance was found in
the left ear (Fig. 1B). No other symptoms accompanying the hearing
loss were identified. ABR showed a threshold of 90 dB in the left ear,
and no response at 90 dB in the right ear. DPOAE showed a response
only at 1000 Hz in the left ear and no response in the right ear. CT and
MRI failed to reveal deformity of the inner ear or structural abnor-
mality in the central auditory pathway.

3.2. Novel mutation of KCNQ4

Sequencing analysis of KCNQ4 from the patient identified a het-
erozygous deletion of three nucleotides, CCT, at position 806-808
(€.806_808delCCT). The deletion mutation causes a change of ami-
no acid residues from Ser268-Ser269-Tyr270 to Ser268-Tyr269
(p.Ser269del) without a frameshift (Fig. 2A). Ser269 was located
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Fig. 1. Clinical information. (A) Pedigree of a family carrying heterozygous KCNQ4 with the ¢.806_808delCCT (p.Ser269del) mutation. Individuals with hearing loss are
indicated by filled symbols. The arrow indicates the proband. (B) Pure tone audiogram from the proband at 25 years old. Open circles with line: air conduction thresholds of
the right ear; x with dotted line: air conduction thresholds of the left ear; left bracket: bone conduction thresholds of the right ear; right bracket: bone conduction thresholds
of the left ear. Arrows indicate the non-detectable hearing level by profound hearing loss.
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Fig. 2. Partial electrophoretogram of exon 5 of KCNQ4 with the partial protein sequence for KCNQ4. (A) A partial electrophoretogram of exon 5 of KCNQ4 from an individual
with normal hearing (above) and the proband with the heterozygous ¢.806-808delCCT mutation (below). The positions of the heterozygotic deletion of CCT at 806-808 and
the resulting amino acid deletion (p.Ser269del) are indicated. (B) Sequences of the orthologous KCNQ4 pore region are aligned. Positions highlighted in gray indicate the
residues identical to human KCNQ4. The position of Ser269 is enclosed by a red square. The positions of S5, pore helix (PH), S6 (wavy lines) and the P-loop (straight line) are
shown below the sequences. (C) Schematic topology of KCNQ4. Putative domains, including transmembrane regions (S1-S6), channel pore region, PH, P-loop, and A-domain
are indicated. Position of Ser269 is indicated by a red circle. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

in the region between the putative S5 and PH, a highly conserved found neither on the Exome Variant Server [23] nor in the control
region among animal species (Fig. 2B and C). This mutation was group of 96 unrelated Japanese individuals with normal hearing.
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