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A Japanese family showing high-frequency hearing loss with KCNQ4
and TECTA mutations

KOTARO ISHIKAWA2, TAKEHIKO NAITO?, SHIN-YA NISHIO?, YOH-ICHIRO IWASA3,
KEN-ICHI NAKAMURA?Z, SHIN-ICHI USAMI® & KEIICHI ICHIMURA?

 Department of Otolaryngology, Hospital, National Rehabilitation Center for Persons with Disabilities, Tokorozawa,
2Department of Otolaryngology, Fichi Medical University, Shimotsuke and > Department of Otorhinolaryngology, Shinshu
University, School of Medicine, Matsumoto, Fapan

Abstract

Conclusions: We describe a Japanese family with high-frequency sensorineural hearing loss (SNHL) harboring a c.211delC
mutation in the KCNQ4 gene. Families showing progressive high-frequency SNHL should be investigated for mutations in the
KCNQ4 gene. Objective: To determine the responsible deafness gene in a Japanese family with dominantly inherited
high-frequency SNHL of unknown etiology. Methods: We performed hearing tests for five members of the family, and the
three affected with hearing loss underwent further audiological and vestibular examinations. Genetic analysis was performed to
identify any possible causative mutations, as well as analysis of detailed clinical findings to determine the phenotype. Results:
The three affected subjects showed high-frequency SNHL. Extensive audiologic evaluation suggested cochlear involvement
and progressive hearing loss. As for bilateral caloric testing, two of the three affected subjects showed hyporeflexia with
recurrent vestibular symptoms. We identified the ¢.211delC mutation in the KCNQ4 gene and the ¢.2967C>A (p.H989Q)
mutation in the TECTA gene. Based on the genotype—phenotype correlation, the ¢.211delC mutation in the KCNQ4 gene was
associated with high-frequency SNHL in this family.
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Introduction

There are over 100 loci associated with nonsyndromic
sensorineural hearing loss (SNHL) in humans [1]. To
date, more than 60 loci of DFNA, the gene locus
responsible for autosomal dominant deafness, have
been identified and 27 genes were defined as
DFNA-causative (Van Camp G, Smith RJH. Hered-
itary Hearing Loss Homepage: http:/hereditaryhear-
ingloss.org). The KCNQ4 and TECTA genes are
frequently associated with autosomal dominant
nonsyndromic SNHL [2]. KCNQ4 is a member of
the voltage-gated potassium channel family localized
in inner and outer hair cells and plays a role in
potassium recycling in the inner ear. KCNQ4 is

composed of 695 amino acids with 6 transmembrane
domains and a hydrophobic P-loop region that
forms a channel pore containing a potassium ion-
selective filter located between the transmembrane
domains S5 and S6 (residues 259-296) [3].
KCNQ4-associated hearing loss has been reported
to be typically late-onset high-frequency-involved
and progressive over time [4]. More than 20 patho-
logic mutations have been identified in KCNQ4 and
they are mostly missense mutations with a dominant-
negative mechanism that causes progressive, predom-
inantly high-frequency hearing impairment [3,5].
Recently, Naito et al. reported a novel recurrent
deletion mutation, ¢.211delC, in 13 Japanese patients
with high-frequency-involved hearing loss [5]. This
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deletion mutation located in the N-terminal site
causes truncation of KCNQ4 protein product, and
might have insufficient function for inner ear potas-
sium recycling [5]. In contrast, the TECTA gene
encodes o-tectorin, the major component of
noncollagenous glycoprotein of the tectorial mem-
brane, and has a role in intracochlear sound trans-
mission [6]. Mutations of the TECTA gene cause
ultrastructural defects of the tectorial membrane, in
turn causing hearing loss [7]. The o-tectorin is
composed of three distinct modules: the entactin
G1 domain, the zonadhesin (ZA) domain with von
Willebrand factor type D repeats, and the zona pel-
lucida (ZP) domain [7]. Missense mutations affecting
the ZP domain are associated with mid-frequency
hearing loss, whereas mutations in the ZA domain
are associated with hearing impairment primarily
affecting the high frequencies [8].

We investigated the genetic cause in a Japanese
family carrying nonsyndromic high-frequency SNHL
with an autosomal dominant inheritance pattern. In
addition, we analyzed their detailed audiological and
vestibular findings.

Material and methods
Medical history and otological examination

One proband, as well as two other affected and two
unaffected family members, from one autosomal
dominant inherited SNHI. family participated in
this study. A complete history concerning hearing
loss and symptoms potentially related to syndromic
hearing loss was taken from all subjects and they all
underwent otoscopic examination. Pure-tone audi-
ometry was conducted in an acoustically isolated
room using an AA-78 audiometer (Rion, Tokyo,
Japan). Air- and bone-conduction thresholds were
measured as decibel hearing level.

Detailed audiological and vestibular examination

Two of the three affected subjects underwent
self-recording audiometry and evoked and distortion-
product otoacoustic emissions (EOAE and DPOAE)
examinations. All three underwent speech discrimina-
tion testing and caloric testing. In caloric testing, elec-
tronystagmography was recorded by cold water
irrigation (20°C, 5 ml, 20s). The details of the methods
used for these evaluations, including self-recording
audiometry, EOAE and DPOAE, speech discrimina-
tion testing, and caloric testing have been described
previously [9].
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Sequencing analysis of the KCNQ4 gene and
TECTA gene

All 14 exons and flanking intronic sequences of the
KCNQ4 gene and all 23 exons and flanking intronic
sequences of the TECTA gene were amplified by poly-
merase chain reaction (PCR). Primers were designed
to flank all of the exon—intron boundaries through use
of the Primer3Plus web-based server (http://primer3-
plus.com). Each genomic DNA sample (40 ng) was
amplified using a Multiplex PCR Assay Kit (Takara,
Shiga, Japan) for 5 min at 95°C, followed by 40 three-
step cycles of 94°C for 30 s, 60—67.6°C for 90 s, and
72°C for 90 s, with a final extension at 72°C for 10 min,
ending with a holding period at 4°C in a Perkin-Elmer
thermal cycler. The PCR products varied in size at
about 100-400 bp, and they were treated with
ExoSAP-IT (GE Healthcare Bio, Santa Clara, CA)
by incubation at 37°C for 30 min, and inactivation at
80°C for 15 min. After the products were purified, we
performed standard cycle sequencing reaction with
ABI Big Dye terminators in an ABI 3100 autosequen-
cer (Applied Biosystems, Foster City, CA). Computer
analysis to predict the effect of missense variants on
the protein function was performed with wANNO-
VAR [10] (http://wannovar.usc.edu) including the
following functional prediction software: PhyloP
(http://hgdownload.cse.ucsc.edu/goldenPath/hg18/phy-
loP44way/), Sorting Intolerant from Tolerant (SIFT;
http://sift.jcvi.org/), Polymorphism Phenotyping
(PolyPhen2; http://genetics.bwh.harvard.edu/pph2/),
likelihood ratio test (LLRT; http:/www.genetics.
wustl.edu/jflab/Irt_query.html), and MutationTaster
(http:/www.mutationtaster.org/).

Ethics statement

All subjects gave prior written informed consent for
participation in the project, and the Ethical Commit-
tee of Jichi Medical University approved the study.

Results
Muzation analysis

We identified the ¢.211delC mutation in the KCNQ4
gene in four of the subjects (three with high-frequency
SNHL and one without SNHIL), and the c.2967C>A
(p.H989Q) mutation in the TECTA gene in two
subjects with high-frequency SNHL (Figure 1).

Medical history and clinical findings

Otoscopic examination demonstrated a normal
tympanic membrane in both ears of all five subjects.
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Figure 1. Pedigree of the family and the detected mutations in the
KCNQ4 and TECTA genes. The arrow indicates the proband.
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Audiometric examination confirmed high-frequency
SNHL in three of the five subjects (I-2, II-2, and
III-1 in Figure 2). Self-recording audiometry showed
Jerger type I [11] hearing loss in both ears of subject
ITI-1, indicating that they had normal hearing. On the
other hand, subject I-2 showed Jerger type II [11]
hearing loss in the high-frequency area in both ears,
indicating that this subject’s hearing loss was of
cochlear origin (Figure 3). Maximum speech discrim-
ination scores in the three subjects with hearing loss
showed mild to moderate defects, with subject
I-2 having the lowest scores (Table I). Subject
I-2 had no detectable DPOAE, but in two subjects
(II-2 and III-1), DPOAE were were detected only in
the lower frequency area. Subject III-2 carried the
c.211delC mutation but did not have SNHL and
showed normal DPOAE (Figure 4). As for bilateral
caloric testing, subjects I1I-2 and III-1 showed hypor-
eflexia in the right ear with recurrent vestibular symp-
toms, while subject I-2 showed normal response
without vestibular symptoms (Figure 5).
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Figure 2. Pure-tone audiograms of the five family members shown in the Figure 1 pedigree.
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Figure 3. Self-recording audiometry results of two of the three subjects with high-frequency sensorineural hearing loss (SNHL).

Discussion

In the present study, we found a ¢.211delC mutation
in the KCNQ4 gene, as well as a ¢.2967C>A
(p.H989Q) mutation in the TECTA gene, in an
autosomal dominant inherited Japanese family with
nonsyndromic  high-frequency n SNHL. The

Table I. Maximum speech discrimination scores of the three
subjects with high-frequency sensorineural hearing loss (SNHL).

Maximal speech

Subject Age (years) Side discrimination (%)
I-2 55 Right 56
Left 42
1I-2 34 Right 74
Left 78
I-1 14 Right 80
Left 72
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pathogenicity of the ¢.211delC mutation is strongly
supported by the occurrence of the same mutation in
several independent families with progressive nonsyn-
dromic high-frequency SNHL [5,12]. Naito et al.
reported that SNHL associated with the c.211delC
mutation showed significant progression in only high
frequencies by detailed progression analysis [5]. One
subject (III-2), aged 6 years, carried the c.211delC
mutation but did not have SNHL, suggesting that he
may develop progressive high-frequency hearing loss
in future. We explained this to the family, as it is the
type of important informadon that we impart to
patients during genetic counseling in our hospital.
In the present family, subject I-2 (aged 55) showed
the worst speech discrimination compared with
II-2 (aged 34) and III-1 (aged 14), consistent with
progressive hearing loss. Because subject I-2 also
retained a nearly normal hearing level in low frequen-
cies, it is highly likely that the ¢.211delC mutation
does not cause profound deafness. This speculation is
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Figure 4. Distortion-product otoacoustic emissions (DPOAE) graphs of four subjects with the c¢.211delC mutation in the KCNQ4 gene.

supported by the finding of Naito et al. that 20 patients
with a maximum age of 73 who carried this mutation
did not have progressive hearing loss. The detailed
estimation of progression also does not suggest that
development of profound hearing loss will occur.

Our findings from extensive audiological examina-
tion suggested that cochlear impairment induced by
c.211delC mutation of the KCNQ4 gene might start
from the basal turn of the cochlea and progress to the
middle turn. DPOAE in the middle frequency area
was detectable in the youngest subject with high~
frequency SNHL (ITI-1). Subject II-2 had detectable
DPOAE only in the 1 kHz, at least in the right ear.
The oldest subject (I-2) did not have detectable
DPOAE in any frequency areas. These findings indi-
cate that dysfunction of outer hair cells progressed
from the basal turn to middle turn of the cochlea
along with aging. In addition, this is supported by the
results of self-recording audiometry, in which subject
III-1 showed Jerger type I, indicating normal hearing,
and subject I-2 showed Jerger type II (cochlear origin)
hearing loss in the high-frequency area.
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It is unclear whether vestibular symptoms are
associated with the KCNQ4 gene mutation. In the
present study, two subjects carrying the c.211delC
mutation showed recurrent vertigo and hyporeflexia
in the right ear on caloric testing. However, one
subject with this mutation showed normal caloric
test responses without vestibular symptoms. In the
two patients with vertigo, there was a unilateral
decline of caloric response. Therefore, this vestibular
dysfunction may not be due to the KCNQ4 muta-
tions, because if it were such a genetically determined
vestibular response, it would usually be symmetric.
Naito et al. also reported that in 20 patients carrying
the c¢.211delC mutation, the majority did not
have apparent vestibular symptoms, suggesting that
this mutation is not associated with vestibular
dysfunction [5].

We detected a novel missense mutation, p.H989Q,
in the TECTA gene in two subjects with SNHL. This
mutation is located in the TIL region of the
zonadhesin-like domain D2 and is highly conserved
in many species (from humans to fish). Alasti et al.



562 K. Ishikawa et al.

Right

Left

-2

-1

Figure 5. Caloric testing results of the three subjects with high-frequency sensorineural hearing loss (SNHL).

reported that ZA domain mutations cause progressive
and high-frequency hearing loss [13]. However, our
subject I-2 with high-frequency SNHL did not carry
this mutation. Therefore we suspect that it was not
associated with hearing loss in this family.

As technology develops and wide genome searches
become more commonly performed, the detection of
cases with two or more gene mutations is predicted to
increase. It will be increasingly important to consider
genotype—phenotype correlation of each mutation
detected and to exercise due caution in determination
of the causative mutation and selection of appropriate
treatment.

Conclusion

In the present study, we found a ¢.211delC mutation
in the KCNQ4 gene in a Japanese family with auto-
somal dominant inherited progressive high-frequency
SNHL, therefore the existence of this mutation
should be considered in such families.
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Deafness Gene Expression Patterns in the Mouse Cochlea
Found by Microarray Analysis
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Abstract

Background: Tonotopy is one of the most fundamental principles of auditory function. While gradients in various
morphological and physiological characteristics of the cochlea have been reported, little information is available on gradient
patterns of gene expression. In addition, the audiograms in autosomal dominant non syndromic hearing loss can be
distinctive, however, the mechanism that accounts for that has not been clarified. We thought that it is possible that
tonotopic gradients of gene expression within the cochlea account for the distinct audiograms.

Methodology/Principal Findings: We compared expression profiles of genes in the cochlea between the apical, middle,
and basal turns of the mouse cochlea by microarray technology and quantitative RT-PCR. Of 24,547 genes, 783 annotated
genes expressed more than 2-fold. The most remarkable finding was a gradient of gene expression changes in four genes
(Pou4f3, Slc17a8, Tmc1, and Crym) whose mutations cause autosomal dominant deafness. Expression of these genes was
greater in the apex than in the base. Interestingly, expression of the Emilin-2 and Tectb genes, which may have crucial roles
in the cochlea, was also greater in the apex than in the base.

Conclusions/Significance: This study provides baseline data of gradient gene expression in the cochlea. Especially for genes
whose mutations cause autosomal dominant non syndromic hearing loss (Pou4f3, Slc17a8, Tmc1, and Crym) as well as genes
important for cochlear function (Emilin-2 and Tectb), gradual expression changes may help to explain the various
pathological conditions.
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Introduction

The auditory systems of mammalians that perceive sounds are
organized based on the separation of complex sounds into their
component frequencies (tonotopy). Tonotopy begins at the level of
the auditory sensory epithelium where specific frequencies are
distributed along the tonotopic axis of the mammalian cochlea [1].

Gradients in morphological and physiological characteristics of
the inner ear in different species have also been reported [1]. In
addition, gene expression gradients along the tonotopic axis in
chicken auditory epithelium have been also reported [2].
However, few reports are available on mammalian gene expres-
sion gradients.

Hearing loss that disturbs normal communication is a common
sensory disorder worldwide. Most congenital or childhood onset
hearing impairments are non syndromic. As of Apr. 2013, 27
dominant, 40 recessive and 3 X-linked genes whose mutations
cause non syndromic hearing loss have been reported according to
the  Hereditary = Hearing loss  Homepage  (http://
hereditaryhearingloss.org/).

PLOS ONE | www.plosone.org

Interestingly, the audiograms of autosomal dominant non
syndromic hearing loss (ADNSHL) can be distinctive, and thus
useful to identify the gene responsible [3]. For example, mutations
in WFSI are found in 75% of families with dominantly inherited
hearing loss that initially affects the low frequencies while sparing
the high frequencies [4,5]. On the contrary, many of the mutations
in ADNSHL, like KGNQ4, DFNAS5, POU4F3, and SLC17A8, affect
the high frequencies [6]. However, the mechanism that accounts
for the distinct frequency patterns has not been clarified. We
hypothesized that certain gene expression patterns might show a
gradient within the cochlea that could, at least in part, correspond
with the distinct shapes of audiograms in ADNSHL.

Microarray analysis, which provides whole gene expression
data, can be used to analyze differential gene expression among
tissues [7]. In this study, to analyze the mechanism of the distinct
audiograms in ADNSHL, we examined and compared gradient
gene expression profiles, in particular ADNSHL genes, between
the apical, middle, and basal turns of the cochlea by microarray
technology.

March 2014 | Volume 9 | Issue 3 | 92547

168



Materials and Methods

Tissue dissection and RNA extraction

Four C57BL/6 mice aged 6 weeks were euthanized by
decapitation under deep anesthesia induced by an intraperitoneal
injection containing 75 mg/kg Ketamine (Daiichi Sankyo, Tokyo,
Japan) and 32.4 mg/kg Pentobarbital Sodium (Kyoritsu, Tokyo,
Japan). Inner ears were rapidly extracted from the temporal bone
and transferred into RNAlater solution (Ambion, Austin, TX,
USA). After removing the otic capsule, the cochlea including the
lateral wall comprising the stria vascularis, spiral ligament, and
spiral prominence, the organ of Corti and the spiral ganglion
neurons were dissected and separated into the apical, middle and
basal turns (Fig. 1). All of these dissections were performed in
RNAlater solution to prevent RNA degradation. Total RNA was
were extracted using the QIAGEN RNeasy Mini Kit (QIAGEN,
Hilden, Germany) according to the manufacturer’s protocol. The
quality of the extracted total RNA was assessed with the Agilent
2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany)
and found to be adequate for microarray analysis (data not
shown).

RNA labeling and purification

Total RNA (25 ng each) was reverse transcribed with the Low
Input Quick Amp Whole Transcriptome Labeling Kit (Agilent
Technologies). After reverse transcription process, labeled cRNA
was synthesized from cDNA by using T7 RNA polymerase mix
and cyanine 3-CTP according to the manufacturer’s instructions.
Labeled cRNA was purified using the Rneasy Mini kit (QIAGEN).

Microarray hybridization

To analyze gene expression of each cochlea turn, 12 SurePrint
G3 Mouse Exon Microarrays (Agilent Technologies), which were
spotted with 165,984 exon probes (24,547 genes), were hybridized
to labeled cRINA (4 microarrays were used for each turn sample).
Prior to the hybridization step, Cyanine 3-labeled cRNAs were
fragmented using 25X fragmentation buffer at 60°C in a water

Middle turn

Figure 1. Microscopical image of the mouse cochlea (right ear).
Bars indicate the incision points for each turn sample. A: apical turn, B:
middle turn, C: basal turn, D: dissection example
doi:10.1371/journal.pone.0092547.g001
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bath for 30 min and then hybridized to a microarray slide for
17 hours at 65°C in a hybridization oven and washed using Gene
Expression Wash Buffer (Agilent Technologies).

Microarray scanning and statistical analysis

Fluorescence intensities were measured with the Agilent
Microarray Scanner (Agilent) using the scanning protocols specific
for each microarray assay and raw microarray image files were
created. The expression data were extracted from raw microarray
image files using Agilent Feature Extraction Image Analysis
Software (Version 10.7.3.1). The software also generated quality
control reports using the protocol specific for the microarray assays
as well as data files for analysis with GeneSpring GX (Version 11,
Agilent Technologies). Signal intensities for each probe were
normalized to the 75th percentile without baseline transformation.

Data for each microarray was analyzed using the manufactur-
er’s workflow in GeneSpring GX. For gene-level analysis, the
average expression levels of each exon probe were used. Then
averages of four microarray data of each cochlea turn (base,
middle, and apex) were used for comparison analysis (one-way
analysis of variance (ANOVA)) by using GeneSpring GX. The
microarray data have been lodged in the Gene Expression
Omnibus  (http://www.ncbinlm.nih.gov/geo/) as accession
number: GSE53863.

Quantitative RT-PCR

To confirm the microarray analysis results, gPCR was performed
on 9 deafness genes. Reverse transcription was performed with 4
total RNA samples of each cochlea turn by using High Capacity
RNA-to-cDNA Kit (Life Technologies, Foster City, CA, USA) as
described in the manufacturer’s procedure. The TagMan probe for
each gene was selected from the TagMan Gene Expression
Assay system  (https://products.appliedbiosystems.com/ab/en/
US/adirect/ab?;cmd = ABGEK eywordSearch,Life Technologies).
Gapdh, Actb, Rps17, Rpl30, Atp6, and Ipo8 were chosen as internal
control genes. The estimated gene expression level (EL) was
normalized to the internal control gene expression level and data
are presented as the mean of logoEL.

Ethics Statement

All experimental procedures were performed in accordance
with the regulations for animal experimentation of Shinshu
University. These experiments were approved by Shinshu
University institutional animal care and use committee.

Results

Scatter plot analysis

To confirm the technical stability of cochlear dissection and
RNA extraction and to estimate global gene expression change, we
performed scatter plot analysis of the gene expression profiles of
each cochlear turn. In each comparison of basal, middle and
apical cochlear turns, the gene expression patterns were quite
similar and most gene expression changes were less than 2-fold
(Fig. 2).

In detail, the gene expression profile of the apical turn of the
cochlea was more similar to that of the middle turn than the basal
turn. The scatter plot of the apical turn vs. basal turn showed
lower correlation than the others. From these results, the gene
expression of each cochlear turn clearly indicated gradual gene
expression change according to the tonotopic axis.
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Figure 2. Scatter plot analysis of gene expression profile of each cochlear turn. Black lines indicate equal gene expression and red lines
indicate 2-fold gene expression. A: apical turn vs. basal turn, B: apical turn vs. middle turn, C: middle turn vs. basal turn.

doi:10.1371/journal.pone.0092547.g002

Genes indicate differential expression in each cochlear
turn

To analyze difference in gene expression, we focused on the
genes, which were expressed 2-fold or more in one turn than in the
other turn. Each of the gene expression levels was estimated from
the average value of four microarray results for independent
mouse samples and one-way ANOVA was employed before the
comparative analysis as written in the material and methods. Of
24,547 genes, 941 differed more than 2-fold. Of these genes, 783
genes (3.2%: 783/24547) had been annotated and the others were
predicted genes (Table S1).

Out of the 783 annotated genes, 747 were differentially
expressed between apex and base; 51 were differentially expressed
between apex and middle, and 458 genes were differentially
expressed between middle and base (some genes were in more
than one group) (Table 1). This is consistent with the notion that
those genes whose expression changes showed an apical-to-basal

gradient along the tonotopic axis. The complete list of differen-
tially expressed genes for each of the three comparisons (i.e., apex
vs. base, apex vs. middle, middle vs. base) is indicated as a
supporting information file (Tables S2, S3, and S4).

Overall tonotopic expression pattern
Most (96.2%) genes expression changes did not differ and only a
limited number of genes showed tonotopic expression pattern.

Tonotopic expression of the genes responsible for
hearing loss

The results of gene expression analysis of each cochlear turn
showed that 4 ADNSHL genes (Pou4f3, Sic17a8, Tmcl, and Crym)
and 9 autosomal recessive non syndromic hearing loss genes (Otof,
Stre, Ushlc, Pedhl15, Grxerl, Dnb59, Slkc26a5, Lifpl5, and Ptprq) were
changed 2-fold or more (Table 2). Interestingly, expression of

Table 1. The numbers of differentially expressed genes for apex vs. base, apex vs. middle, middle vs. base.

apex vs. base apex vs. middle

middle vs. base

up in apex up in base up in apex up in middle up in middle up in base
571/783 176/783 38/783 13/783 389/783 69/783
747/783 51/783 458/783

doi:10.1371/journal.pone.0092547.t001
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Table 2. Gene expression levels of corresponding genes for non syndromic hearing loss in each cochlea turn.

Gene Deafness causing
Symbol Gene Name [Mus musculus] Locus Microarray

Quantitative RT-PCR

o Fold Change

apex/middle

L1

biorauosojd'mmm | INO SO

L¥ST63 | € anss| | 6 swnjop | $10Z Ydsew

233
2.36

Poudf3
Slc17a8

iption factor 3

solute carrier family 17, member 8

ﬁFNéZB
. DFNB25 |
DFNB59
'DFNBGT
’ DFNBé?
DFNBS

middle/base  apex/middle apex/base

doi:10.1371/journal.pone.0092547.t002
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Figure 3. Gene expression patterns found by microarray analysis and quantitative RT-PCR. Values of each gene expression are indicated
as a relative value to the basal turn. The expression level of each gene measured by microarray analysis (solid lines) was comparable with the level

measured by quantitative RT-PCR (dotted lines).
doi:10.1371/journal.pone.0092547.g003

those was greater in the apex than in the base. However, there
were no significant differences in WFS! gene expression.

Tonotopic expression of sodium, potassium, and calcium
channels

Many sodium, potassium, and calcium channels were differen-
tially expressed between the basal and apical turns. Specifically,
expression of most potassium voltage-gated channels (i.e., Kenal,
Ktna2, Kenab2, Kenab3, Kenb2, Kencl, Kenc3, Kend2, Kened, Kenh2,
Kinh5, Keng3, and Kens3) was greater in the apex. There was also
differential expression of voltage-dependent calcium channels (i.e.,
Cacna2d3 and Cacng? were higher up in the apex while Cacng4 was
higher up in the base basal). Additionally, sodium channels (i.e.,
Senla, Scndb, and Scn8a) were differentially expressed between the
base basal and apex, and expression of those was greater in the
apex. These observations suggest important functional roles for
some of these channels in the mouse inner ear.

Tonotopic expression of other genes important for
cochlear function

Emilin-2, a major component of the cochlear basal membrane
(BM), expressed more in the apex (12.58-fold). Additionally, 7ecth,
a glycoprotein that is localized to the tectorial membrane, also
expressed more in the apex (23.85-fold).

Quantitative RT-PCR (qPCR) confirms microarray data

To validate the microarray data, gPCR primers were designed
for of 15 selected genes. Of them, 9 deafness genes expressed more
in the apical turn (Poudf3, Sic17a8, Tmcl, Crym, Otof, Ushlc, Pedhl5,
Sle26a5, and Lifpl5) and six were internal controls (Gapdh, Actb,
Rps17, RpI30, A6, and Ipo8). In all genes, qPCR data was
coincident to microarray data. Data of 9 genes together with the
control (Gapdh) are shown in Figure 3.

PLOS ONE | www.plosone.org

Discussion

These data revealed the baseline of gene expression in each
mouse cochlear turn. However, we identified only gene expres-
sions in equal amounts of RINA at each cochlear turn rather than
in specific tissue (e.g., the lateral wall, the organ of Corti, and hair
cells). This data can be utilized as a tool for global gene analysis
such as of the biological function of the genes expressed in the
inner ear, or in the search for novel hearing loss causative genes.
Sato et al. demonstrated differential gene expression profiles along
the axis of the mouse cochlea by cDNA microarray [8]. However,
some of our results were not consistent with their findings. This
difference may be attributed to the number of microarray probes
(165,984 exon probes used in our experiments compared to 20,289
gene probes in theirs). In addition, our microarray analysis results
were confirmed by gPCR.

The most remarkable finding was gradients of gene expression,
being greater in the apex than the base in ADNSHL genes (Pou4/3,
Slc17a8, Tmel, and Crym). There are two prevailing theories
explaining autosomal dominant diseases [9]. One of these is
haploinsufficiency, referring to a lack of sufficient gene function
due to reduced wild-type gene copy number. Cook et al. proposed
that haploinsufficiency diseases are caused when the gene
expression that is essential to maintain biological function falls
below some critical level due to a loss-of function mutation in one
of the two homologous gene loci [10]. Many papers supported this
theory by quantifying variability in gene expression [9]. If this
theory is applied to genes such as POU4F3, SLC1748, TMCI, and
CRYM, mutations of these genes would cause reduction of gene
products. In such a case, basal turn gene expression may fall
below some critical level more rapidly compared with apical turn
because of a gradient of gene expression greater in the apex than
in the base, resulting in progressive high frequency hearing loss.
This speculation is consistent with the reported hearing loss
types (such as high frequency progressive) in patients with the
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POU4F3 [11,12], SLC1748 [13], TMCI [14,15], and CRYM [16]
mutations.

Emilin-2 is a major component of the cochlear BM. The
considerably higher level of Emulin-2 in the cochlea compared to
kidney or other tissues suggests a specialized role in the
development or biomechanical function of the cochlear BM
[17]. Amma et al. considered that if Emilin-2 confers elasticity on
the BM, Emilin-2 would decrease the rigidity [17] and our results
that expression of Emilin-2 was greater in the apex than in the base
may help to explain increased stiffness in BM towards the base.

Tecth mRNA expression was 23-fold in the apical turn
compared with the middle and basal turns. Tecth encodes B-
tectorin, a glycoprotein that is localized to the TM and the absence
of which leads to disruption of the TM’s core structure [18].
Russell et al. reported that Tecth”~ mutant mice, in which exons 1—
4 of the gene are deleted, had low frequency hearing loss [19]. Our
data that Tecth was mainly expressed in the apex, which is sensitive
to low frequencies, was consistent with theirs.

In summary, this study demonstrated the gene expression
profiles in each mouse cochlear turn. Especially for ADNSHL
genes (Pou4f3, Slc17a8, Tmel, and Crym) and other genes important
for cochlear function (Emilin-2 and Tecth), gradual expression
changes help to explain the findings obtained from previous
studies.
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Frequency of mitochondrial mutations in
non-syndromic hearing loss as well as possibly
responsible variants found by whole mitochondrial

genome screening

Takuya Yano, Shin-ya Nishio, Shin-ichi Usami and the Deafness Gene Study Consortium!

Mutations in mitochondrial DNA (mtDNA) are reported to be responsible for the pathogenesis of maternally inherited hearing
loss. Complete mtDNA sequencing may detect pathogenic mutations, but whether they are indeed pathogenic can be difficult to
interpret because of normal ethnic-associated haplogroup variation and other rare variations existing among control populations,
In this study, we performed systemic mutational analysis of mtDNA in 394 Japanese patients with hearing loss. Two different
cohorts were analyzed in this study: Cohort 1, 254 maternally inherited patients; and Cohort 2, 140 patients with various
inheritance modes. After screening of the entire mtDNA genome with direct sequencing, we evaluated the frequency of
previously reported mutations and the frequency and pathogenicity of the novel variants. As a result, the ‘Confirmed’
mitochondrial mutations were found predominantly in Cohort 1 rather than in Cohort 2 (14.6 vs 0.7%). 1555A>G (n=23) is
the most common mutation, followed by the 3243A> G (n= 11) mutations. On the basis of prediction analysis, we detected
10 novel homoplasmic mitochondrial variants. After further classification, the 3595A > G and 6204A >G variants were found to
be new candidate mutations possibly associated with hearing loss.

Journal of Human Genetics (2014) 59, 100-106; doi:10.1038/jhg.2013.128; published online 9 January 2014

Keywords: mitochondrial mutation; non-syndromic hearing loss

INTRODUCTION

Hearing impairment is one of the most common sensory handicaps,
with a frequency of at least 1/1000 at birth, and 50% of these cases can
be attributed to genetic causes. Furthermore, causative mitochondrial
DNA (mtDNA) mutations have been found in 5-10% of patients
with postlingual non-syndromic hearing loss.!

Among mitochondrial mutations, 1555A>G mutations in the
mitochondrial 125 7RNA are found frequently (0.6-5.3%, depending
on the ethnic group) in aminoglycoside-induced and late-onset non-
syndromic hearing loss.>* A 1494C > T mutation in 125 rRNA is also
associated with aminoglycoside-induced and non-syndromic hearing
loss.® A 3243A>G mutation in the tRNAM#(UUR) js agsociated
with maternally inherited diabetes combined with deafness,® and
mitochondrial myopathy, encephalopathy, lactic acidosis and stroke-
like episodes (MELAS), which frequently present with hearing loss.
7445A>C/G/T,"® 7472insC and 7510T>C° mutations in the
tRNAST(UCN) are also associated with aminoglycoside-induced or
non-syndromic hearing loss.

Moreover, additional mutations in 12S rRNA (827A>G,!0
961T>C, 961delT+Cn, 1005T>C and 1095T>C'!) have been

reported as mitochondrial hearing loss mutations. Although there
were growing numbers of reports of various novel mtDNA mutations
associated with hearing loss, most focused on a few limited nucleotide
positions or only the 12SrRNA region.!? Therefore, we conducted
a whole mitochondrial genome mutational analysis by direct
sequencing using samples from 254 maternally inherited and
140 non-syndromic Japanese hearing loss probands with various
inheritance modes, and summarized the frequencies of the mutations,
as well as the spectrum and phenotypes found in the hearing loss
patients with mtDNA mutations.

MATERIALS AND METHODS

Subjects

Two cohorts were used in this study: Cohort 1, 254 Japanese maternally (or
possibly autosomal dominant with affected mother and one or more affected
children) inherited sensorineural hearing loss (SNHL) subjects; and Cohort 2,
140 Japanese SNHL subjects with various inheritance modes (14 autosomal
dominant or mitochondrial inherited, 126 autosomal recessive inherited or
sporadic cases), both collected from 33 ENT departments nationwide in Japan.
All subjects gave prior written informed consent for participation in the

Department of Otorhinolaryngology, Shinshu University School of Medicine, Matsumoto, Japan
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project, which was approved by the ethical committee of each hospital. The
control group consisted of 192 unrelated Japanese healthy individuals with
normal hearing evaluated by auditory testing.

Mutation analysis

Whole mtDNA from each patient was amplified into two long fragments,
A and B, by LA Taq DNA polymerase (TaKaRa BIO, Shiga, Japan) as described
elsewhere.!? In brief, each genomic DNA sample was amplified by long PCR
for 1 min at 94 °C, followed by 30 three-step cycles of 94 °C for 305, 60 °C for
30s and 72°C for 6 min, with a final extension at 72 °C for 5 min, ending with
a holding period at 4°C.

After the PCR amplification, resulting products were purified and direct
sequenced with ABI Big Dye terminators and ABI 3130 autosequencer
(Applied Biosystems, Carlsbad, CA, USA). Sequencing reaction was performed
with 50 primers for the whole mitochondrial genome, designed with mitoSEQr
Resequencing System {Applied Biosystems).

Sequencing data were analyzed by SeqScape ver2.6 and SeqAnalysis
(Applied Biosystems). The sequencing result from each patient was
compared with the rCRS (Reversed Cambridge Reference Sequence) to identify
mtDNA mutations. Mitochondrial DNA mutations included in the mtSNP
(http://mtsnp.tmig.or.jp/mtsnp/index.shtml), MITOMAP (http://www.mito-
map.org/MITOMAP) or Uppsala mtDB (http://www.genpat.uu.se/mtDB/)
databases were excluded as non-pathogenic variants when we search to novel
variants.

We evaluated mutations according to evaluation criteria derived from a
previous report by Zaragoza et al.'*

Prediction of pathogenicity of mtDNA mutations

Initially, we measured the frequencies of each mutation found in healthy
controls in our study (n=192) and in the mtSNP database (n=2153,
including: centenarians in Gifu and Tokyo, type 2 diabetes mellitus patients
(with or without vascular disorders), overweight and non-overweight young
adult males, Parkinson’s disease patients and Alzheimer’s disease patients in
Japan). The nucleotide conservation in each gene from humans and
60 mammalian species (Artibeus jamaicensis, NC_002009; Balaenoptera mus-
culus, NC_001601; Balaenoptera physalus, NC_001321; Bos taurus, NC_006853;
Canis familiaris, NC_002008; Cavia porcellus, NC_000884; Cebus albifrons,
NC_002763; Ceratotherium simum, NC_001808; Chalinolobus tuber-
culatus, NC_002626; Dasypus novemcinctus, NC_001821; Didelphis virginiana,
NC_001610; Dugong dugon, NC_003314; Echinops telfairi, NC_002631; Echi-
nosorex gymnura, NC_002808; Equus asinus, NC_001788; Equus caballus,
NC_001640; Erinaceus europaeus, NC_002080; Felis catus, NC_001700; Gorilla
gorilla, NC_001645; Halichoerus grypus, NC_001602; Hippopotamus

Frequency of mitochondrial mutations in non-syndromic hearing loss
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amphibious, NC_000889; Hylobates lar, NC_002082; Isoodon macrourus,
NC_002746; Lama pacos, NC_002504; Loxodonta africana, NC_000934;
Macaca sylvanus, NC_002764; Macropus robustus, NC_001794; Mus musculus,
NC_005089; Myoxus glis, NC_001892; Nycticebus coucang, NC_002765; Ocho-
tona collaris, NC_003033; Ornithorhynchus anatinus, NC_000891; Orycteropus
afer, NC_002078; Oryctolagus cuniculus, NC_001913; Ovis aries, NC_001941;
Pan paniscus, NC_001644; Pan troglodytes, NC_001643; Papio hamadryas,
NC_001992; Phoca vitulina, NC_001325; Physeter catodon, NC_002503; Pongo
pygmaeus, NC_002083; Pongo pygmaeus abelii, NC_002083; Pteropus dasymal-
lus, NC_002612; Pteropus scapulatus, NC_002619; Rattus norvegicus,
NC_001665; Rhinoceros unicornis, NC_001779; Sciurus vulgaris, NC_002369;
Soriculus fumidus, NC_003040; Sus scrofa, NC_000845; Tachyglossus aculeatus,
NC_003321; Talpa europaea, NC_002391; Tarsius bancanus, NC_002811;
Thryonomys swinderianus, NC_002658; Trichosurus vulpecula, NC_003039;
Tupaia belangeri, NC_002521; Ursus americanus, NC_003426; Ursus arctos,
NC_003427; Ursus maritimus, NC_003428; Volemys kikuchii, NC_003041;
Vombatus ursinus, NC_003322) was evaluated by the ClustalW method or
the mtSNP database (mtSAP Evaluation; http://mtsnp.tmig.or.jp/mtsnp/
search_mtSAP_evaluation.html). The mutations were considered to be possi-
bly pathogenic if the original amino acid or base was conserved in >50% of
the species (31 or more of 61 species).!®

RESULTS

Direct sequence screening of the 254 probands of Japanese maternally
inherited SNHL families and 140 non-syndromic hearing loss
probands with various severities of hearing loss revealed 634 single-
nucleotide polymorphisms in whole mitochondrial genome. Among
those single-nucleotide polymorphisms, 19 were previously reported
as associated with hearing loss: 792C>T (n=1), 827A>G (n=10),
856A>G (n=3), 961T>C (n=3), 1005T>C (n=2), 1095T>C
(n=1), 1310C>T (n=3), 1494C>T (n=1), 1555A>G (n=23),
3243A>G (n=11), 3398T>C (n=1), 3421G>A (n=2), 5628T>C
(n=1), 7511T>C (n=3), 8108A>G (n=1), 8348A>G (n=1),
11696G>A (n=4), 14693A>G (n=1) and 15927G>A (n=4)
(Tables 1 and 2). In this study, based on the MITOMAP database,
status was considered to be ‘Confirmed’ if at least two or more
independent laboratories had published reports on the pathogenicity
of a specific mutation (Table 1). More ambiguous substitutions were
categorized as ‘Unclear; ‘Reported’ or ‘Point mutation/polymorph-
ism’ (Table 2). ‘Reported’ status indicates that one or more reports
have considered the mutation as possibly pathologic. ‘Point mutation/

Table 1 ‘Comfirmed’ mitochondrial mutations associated with sensorineural hearing loss found in this study

Case
Progression
Total Cohort 1 Cohort 2 Control Hearing of hearing Associated

Allele Locus Status®  Disease (/394) /254) /140) (/182) characteristics loss Tinnitus Vertigo symptom  Reference
C1494T 12S rRNA Confirmed SNHL 1 0 1 0 High 11 1/1 01 o} 5

frequency
A1555G 12S rRNA Confirmed SNHL 23 23 0 0 High 15/21 13/16  6/16 0 2

frequency
A3243G tRNA v Confirmed SNHLUDM/FSGS/ 11 11 0 0 Flat 10/10 6/10  6/10  Diabetes 6

(UUR) Cardiac mellitus
dysfunction (8/10)

T7511C tRNA S (UCN) Confirmed SNHL 3 3 0 o] High 1/2 3/4 0/4 0 23

frequency
Total 37/254 1/140 27/34 23/31 1231

(14.6%) (0.7%)

Abbreviations: DM, diabetes mellitus; FSGS, focal segmental glomerulosclerosis; SNHL, sensorineural hearing loss.
2Based on the MITOMAP database: ‘Confirmed’ status indicates that at least two or mere independent {aboratories have published reports on the pathogenicity of a specific mutation.
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Table 2 Ambiguous-status mitochondrial substitutions associated with sensorineural hearing loss found in this study

Total Cohort 1 Cohort 2 Control Hearing

Case

Progression

of hearing

Associated

Allele Locus Status® Disease (/394) (/254) (/140) (/96) characteristics loss Tinnitus Vertigo symptom Reference
c7921 125 rRNA  Reported SNHL 1 1 0 0 Flat 1/1 /1 11 0 24
AB27G 12S (RNA  Conflicting SNHL 10 5 5 High 4/11 6/11 211 0 10
reports frequency
A856G 12S rRNA.  Reported SNHULHON/AD 3 3 0 0  Flat 1/1 11 11 0 25
T961C 12S rRNA  Unclear SNHL/LYNC 3 3 0 2 Profound 171 11 0 26
T1005C  12S rRNA  Unclear SNHL 2 1 1 1 Lowfrequency  2/2 111 0 2
T1095C  12S rRNA  Unclear SNHL 1 1 0 0 Flat 11 1 11 0 1
C1310T 125 rRNA Reported SNHL 3 0 3 0 unknown 1/3 03 073 0 24
T3398C ND1 Reported SNHLDM/HCM/ 1 1 0 0  Profound 171 11 01 0 27
GDM/LYNC/
Cardiomyopathy
G3421A ND2 Reported SNHL 2 1 1 0  Profound 171 71 01 0 <8
T5628C  tRNAA2  Reported SNHL/CPEO 1 1 0 1 Profound 11 on 11 0 29
A8108G co2 Reported SNHL 1 1 0 0 Lowfrequency 171 71 11 0 30
A8348G  tRNAUS  Reported SNHL/Cardiomyopa- 1 0 1 0  Lowfrequency 111 01 1 0 &
thy/HT
G11696A ND4 Reported SNHL/LHON/LDYT/ 4 0 4 2 Profound 1/4 1/4  0/4 0 32
HT
A14693G  tRNAGY  Reported SNHL/MELAS/LHON/ 1 0 1 1 Profound 01 01 on 0 33
H
G15927A  tRNA™"  Point mutation/ SNHL/MS 4 1 3 4 High 3/4 0/4  0/4 0 34
Polymorphism frequency
Total 19/254 197140 20/3¢  15/33 10733
(7.5%) (13.6%)

Abbreviations: AD, Alzheimer's disease; DM, diabetes mellitus; FSGS, focal segmental glomerulosclerosis; HT, hypertension; LDYT, Leber's hereditary optic neuropathy and dystonia; LHON, Leber
hereditary optic neuropathy; LYNC, left ventricular non-compaction; MELAS, mitochondrial encephalomyopathy lactic acidosis, and stroke-like episodes; MIDD, maternally inherited diabetes and

deafness; MS, multiple sclerosis; SNHL, sensorineural hearing loss.

'Point mutation/Polymorphism’ status indicates that some published reports have determined the mutation to be a non-pathogenic polymorphism.
3Based on the MITOMAP database; ‘Reported’ status indicates that one or more reports have considered the mutation as possibly pathologic.

Table 3 Ten novel mitochondrial SNPs

Conservation Amino-acid
Conservation Conservation Amino- in 61 species  Conservation number/all
in 61 species (base)  rate (base) acid (amino rate (amino amino Control  Mode of Type of
Location Mutation (/61) (%) change acid) (/61) acid) (%) acid of locus (/192) inheritance hearing loss
16S 2069T>C 16 31.4 — — — — 0 AD or Mit?2  High
rRNA frequency
168 2285T>C 22 43.1 — — — — ] AD or Mit* High
rRNA frequency
16S 2285T>G 22 43.1 — —— — — 0 Sporadic Dish shaped
rRNA
16S 2634T>C 34 66.7 — — — — o} Sporadic Profound
rRNA
ND1 3595A>G 54 88.5 Asn>Asp 54 88.5 97/318 0 AD or Mit? High
frequency
col 6204A>G 61 100 Ser>Gly 61 100 101/513 0 AD or Mit* High
frequency
ATPaseb 9124A>G 60 98.4 Thr>Ala 59 96.7 200/226 0 Sporadic Unilateral
ND4L 10680G>A 59 96.7 Ala >Thr 59 96.7 71/98 0 Sporadic Unknown
ND5 13153A>G 44 72.1 lle >Val 35 57.4 273/603 0 Sporadic High
frequency
Cytb 15003G>C 61 100 Gly >Ala 61 100 86/380 0 Sporadic Profound

Abbreviation: SNPs, single-nucleotide polymorphisms
2AD or Mit; autosomal dominant inheritance or maternal inheritance.

polymorphism’ status indicates that some reports have determined
the mutation to be a non-pathogenic polymorphism. In all, 14.6%
(37/254) of the patients in Cohort 1 (maternally inherited patients)
were associated with the ‘Confirmed’ mutations. Only 0.7% (1/140)
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of the patients had the ‘Confirmed’ mutations in Cohort 2 (patients
with various inherited modes) (Table 1). Ambiguous-status substitu-
tions were associated in 7.5% (19/254) of Cohort 1, in contrast to

13.6% (19/140) of Cohort 2 (Table 2).
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With regard to the audiogram configuration, various types were
found. In all, 69% (79% in Cohort 1 and 59% in Cohort 2) of the
patients had progressive hearing loss and 59% (74% in Cohort 1 and
45% in Cohort 2) had tinnitus, while 34% (39% in Cohort 1 and
30% in Cohort 2) of the patients were associated with vertigo
(Tables 1 and 2). Concerning clinical symptoms other than hearing
loss, 80% (8/10) of the patients with the 3243A>G mutation
had diabetes mellitus, but no other clinical symptoms were noticed
(Table 1).

Ten novel variants that were not included in the public mtDNA
databases were found in this study and they were located in the 16S
rRNA, ND1, COI, ATPase6, ND4L, ND5, and Cytb regions (Table 3).
All new variants were found in only one different family each.

Four of the novel variants were found in the 165 rRNA gene:
2069T>C, 2285T>G, 2285T>C and 2634T>C. Although the
2634T>C variant had a high conservation rate (66.7%), the

Table 4 Conservation rate of ‘Confirmed’ mitochondrial mutations

Frequency of mitochondrial mutations in non-syndromic hearing loss
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2069T >C, 2285T>G and 2285T>C variants had low conservation
rates: 31.4, 43.1 and 43.1%, respectively.

The remaining six novel variants were located in the protein coding
regions: 3595A >G in NADH dehydrogenase 1 gene (MIND1 (MIM
516000), 6204A>G in cytochrome oxydase I gene (MTCOI (MIM
516030)), 9124A>G in ATPase 6 gene (MTATP6 (MIM 516060)),
10680G>A in NADH dehydrogenase 4L gene (MTND4L (MIM
516004)), 13153A>G in NADH dehydrogenase 5 gene (MTND5
(MIM 516005)) and 15003G>C in cytochrome b gene (MTCYB
(MIM 516020)).

These variants are found in very well-conserved gene positions
(57.4-100%).

The conservation rates in all ‘Confirmed’ mtDNA mutations were
high (Table 4).

However, as in Table 3, the 9124A>G, 10680G > A, 13153A>G
and 15003G > C variants were found in sporadic cases which are not
generally compatible with mitochondrial deafness. On the basis of the
above evaluations, we categorized 3595A>G, and 6204A>G as
possibly pathogenic mutants, and the remaining eight others as

Conservation in Conservation uncertain pathogenic mutants.
61 species (base) rate (base) The homoplasmic mutation 3595A>G in the NDI was found in a
Location Mutation (/61) (%) 4-year-old male patient with prelingual, severe hearing loss of high
frequencies (Figure 1). He was suspected to have hearing impairment
123 rRNA 1494A>G 61 100.0 when he was about 1 year old, but ABR testing and Computed
123 rLRN(ﬁUR‘ 155546 56 91.8 Tomography resulted in a diagnosis of normal hearing. However,
eu i . .
tRNAm woR) S243A>G 60 98.4 when he was 3 years old, his mother again suspected that he had
tRNA 3291T>C %8 98.0 hearing impairment and testing confirmed it. The mother, who had
tRINASer (UCN) 7445A>G 42 68.9 . ) N
the same mutation, also had hearing impairment as well as
tRNASer (UCN) 7511T7>C 60 98.4 . . . . . .
progressive bilateral tinnitus and occasional vertigo from childhood.
tRNALS 8363G>A 49 80.3 . . .
RNAFS 12147G>A 61 100.0 The homoplasmic mutation 6204A>G in the COI gene was found
RNAGH 14709T>0 58 95'0 in a 62-year-old male with mild hearing loss of high frequencies
: (Figure 2). He noticed his hearing loss at the age of 50 and suffered
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Figure 1 Clinical features of the proband carrying the homoplasmic 3595A>G variant. (a) Family pedigree. Individuals with hearing loss are indicated by
filled symbols. The arrow indicates the proband. (b) Audiograms of the proband and mother. (¢) Electropherogram depicting the 3595A>G sequence and

its flanks. Arrow indicates the position of the 3595A>G variant.
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Figure 2 Clinical features of the proband carrying the homoplasmic 6204A>G variant. (a) Family pedigree. Individuals with hearing loss are indicated by
filled symbols. The arrow indicates the proband. (b) Audiogram of the proband. (¢) Electropherogram depicting the 6204A>G sequence and its flanks.

Arrow indicates the position of the 6204A>G variant.

from tinnitus, and mild diabetes mellitus. His mother also had
hearing impairment that gradually progressed with age. DNA samples
were not obtained from other family members.

DISCUSSION

Nineteen known mitochondrial mutations were found predominantly
in the maternally inherited group (Tables 1 and 2). Clarification of
pathogenecity of mitochondrial substitutions was hampered by low
penetrance (probably due to heteroplasmy). Therefore, based on the
MITOMAP database, they were classified as ‘Confirmed’ or ‘Ambig-
uous-status’ substitutions (Tables 1 and 2). The ‘Confirmed’ mito-
chondrial mutations were found predominantly in Cohort 1 rather
than in Cohort 2 (14.6 vs 0.7%), supporting the pathogenicity of
these mutations. Frequencies of 1555A>G and 3243A >G mutations
were significantly high, indicating that these two mutations are
important causes of maternally inherited hearing loss. In general,
patients with these mitochondrial mutations showed more or less
similar clinical characteristics, that is, progressive hearing loss with
tinnitus (Table 1).

Among the 10 novel variants (Table 3), two, the NDI mutation
3595A>G and COI mutation 6204A>G, are thought to be
possibly pathogenic, because (1) they are found in autosomal
dominant or maternal inheritance (some of the others are found as
sporadic cases); (2) the conservation rate of the variation at the
position among mammals is at least over 50%, as is the conserva-
tion rate in all confirmed mtDNA mutations associated with
phenotypes (Table 4) and (3) they are associated with high
frequency hearing loss; the characteristic hearing type of mito-
chondrial hearing loss. These mutations affected a conserved
nucleotide in the mitochondrial gene in primates and other species
and had a conservation index of >50% (88.5 and 100%,
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respectively). None of these mutations were found in the controls
or in the databases, further indicating that they are associated with
hearing loss, however, no conclusion can be drawn without
enzymatic analysis. Unfortunately, this study was a retrospective
study using collected DNA samples from 1995 to 2012, so it was
impossible to contact the patients and to get muscle or living
samples from them. Therefore, enzymatic analysis of these mtDNA
samples was not feasible.

In this study, we found one novel possibly pathogenic mutation in
the ND1 hydrophobic arm region, in a patient with a homoplasmic
3595A > G mutation and hearing loss of the high frequencies from age
3 without complications. The family members of this patient did not
have diabetes mellitus.

On the other hand, the novel possibly pathogenic mutation
6204A > G was located in the COI gene. The amino-acid conservation
rate of this position was 100% (61/61 mammals). In previous reports,
more than 20 pathogenic mutations in the MT-NDI gene were
reported in patients with LHON (Leber’s hereditary optic neuro-
pathy) and MELAS. Also, NDI mutation-related hearing impairment
has been reported: 3308T>C causing MELAS with deafness,!6
3395A>G causing hypertrophic cardiomyopathy with profound
SNHL," and 3396T>C and 3421G>A causing maternally
inherited diabetes and deafness.'®!® Three COI mutations related to
hearing loss have also been reported (7443A> G, 7444G >A?! and
7445A > G78). Our results taken with these previous reports support
the possibility that mutations in the ND1 and COI regions are
associated with hearing impairment.

Most of the mtDNA mutations associated with hearing loss
indicate low penetrance explained as a mild biochemical defect
indicating that the mutation itself is not sufficient to produce the
clinical phenotype. Thus, other modifying factors including nuclear
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backgrounds, environmental factors and mitochondrial haplotypes
are necessary for the phenotypic manifestation of the mutation. The
degree of hearing loss from mtDNA mutation can be similar within
individual families but varied among different family groups,
probably due to the modifier effect by nuclear genes.??

CONCLUSION

Nineteen known mitochondrial mutations were found predominantly
in the maternally inherited group. Among them, frequencies of
1555A>G and 3243A>G mutations were significantly high,
indicating that these two mutations are important causes of
maternally inherited hearing loss. In addition to the previously
reported mitochondrial mutations, we detected 10 novel homoplas-
mic mutations in the mitochondrial genes related to hearing loss by
direct sequencing of whole mitochondrial genomes in Japanese
patients. Two of them, 3595A>G and 6204A>G, are possibly
associated with hearing loss.
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