fig. 8). SM treatment resulted in a marked decrease in the
normalized size ratio of the lateral wall. The decrease in
the second turn was significant at p < 0.001 (Student’s t
test).

Discussion

The current study demonstrated that by decalcifying
the bony wall of the cochlea with EDTA, the internal
structures of the cochlea could be clearly visualized by
OCT. The OCT images of the normal cochleae were sig-
nificantly improved compared with those from previous
reports [Wong et al., 2004; Lin et al., 2008; Sepehr et al,,
2008; Subhash et al,, 2010]. We found that OCT could
prevent unmecessary misinterpretations due to artifacts
introduced during the preparation of specimens for con-
ventional histological examination. We could also dem-
onstrate that three major cochlear pathologies, i.e. EH,
hair cell degeneration and strial atrophy, could be clearly
visualized by using OCT.

EH is commonly observed in patients with Méniére’s
disease and may also occur following head trauma or ear
surgery, or in other inner ear disorders, allergies or sys-
temic disorders such autoimmune disorders. The patho-
physiology of Ménieére’s disease has been studied using
animal models, and surgical ablation of the endolym-
phatic duct and sac of guinea pigs [Kimura and Schu-
knecht, 1965; Kimura, 1967] has most widely been used.
Itisimpossible to determine the presence of EH by using
physiological tests such as the auditory brainstem re-
sponse or caloric test, since such examinations provide
only information on the extent of damage to hearing or
vestibular function. Thus, it is mandatory to evaluate the
presence/absence and extent of EH by histological ex-
amination in animals. Schuknecht [1987, 1993] estab-
lished a standard procedure for the morphological study

of the human temporal bone that involved formalin fix-

ation, EDTA decalcification, celloidin embedding and
serial sectioning. Celloidin and paraffin are the two
common embedding media used for histopathologic
study of the human temporal bone by light microscopy.
Although celloidin embedding permits excellent mor-
phologic assessment, celloidin is difficult to remove, and
there are significant restrictions on success with immu-
nostaining. Other potential disadvantages of the use of
celloidin include the length of time needed for embed-
ment. Embedding in paraffin allows immunostaining
to be performed, but the preservation of cellular detail
within the membranous labyrinth is relatively poor
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[Merchant et al., 2006]. During the preparation process,
the specimen must be embedded in a mold such as par-
affin or celloidin, and such a process, especially with
paraffin, is known to induce significant artifacts, making
it difficult to evaluate the extent of EH. Compared with
the OCT images in our study, paraffin-embedded HE
specimens exhibited EH to a greater extent and also
showed artifacts such as bending of the interscalar sep-
tum and basilar membrane and folding of Reissner’s
membrane. These findings suggest that estimating the
extent of EH and associated tissue damage can be done
more precisely using OCT images than by histological
evaluation, especially using paraffin-embedded HE
specimens. Further, the specimen can be easily used for
molecular and immunohistochemical techniques after
OCT imaging.

We also observed that OCT could visualize the degen-
eration of the organ of Corti, collapse of Reissner’s mem-
brane and strial atrophy 2 days after systemic administra-
tion of a combination of KM and EA and 4 weeks after
perfusion with 20% SM throughout the cochlea. An intra-
venous administration of KM and EA induces hair cell
degeneration and scar formation, which start 3 h after
drug administration [Raphael and Altschuler, 1991]. In
Raphael and Altschuler’s report, mild flattening of the or-
gan of Corti was seen from 9 h after drug administration.
At this time, the outer hair cells from all three rows are
replaced by supporting cells, which fill the entire space
between the tunnel of Corti and Hensen cells. However,
the inner hair cells are present and the shape of the organ
of Corti is preserved. In our study, OCT could detect such
degeneration as areduction in the size of the organ of Cor-
ti, which could not be observed in the basal turn of an HE-
stained section because of the artifacts produced (fig. 2a,
b). Further, OCT could detect a mild collapse of Reissner’s
membrane, which again could not be detected in HE-
stained sections. These findings suggest that estimating

the extent of the degeneration of the organ of Corti and

associated tissue damage (e.g. collapse of Reissner’s mem-
brane) can be done more precisely by using OCT images
than histological evaluation, especially with paraffin-em-
bedded HE specimens. Conversely, although OCT could
detect severe degeneration of the organ of Corti, strial at-
rophy and remarkable collapse of Reissner’s membrane in
the SM group, it could not detect the loss of spiral gan-
glion cells, which could be observed in the HE specimens.

The method shown here cannot be applied to clinical
evaluations of pathology in the cochlea. Therefore, we
still need other novel technologies to improve the trans-
parency and translucency of OCT.

Kakigi/Takubo/Egami/Kashio/Ushio/
Sakamoto/Yamashita/Yamascba




Conclusions

By decalcifying the bony wall of the cochlea, we could
clearly and widely visualize the internal structures of nor-
mal and pathological cochleae. We could easily manipu-
late the slice axis to obtain arbitrary plane views using
OCT, and we could demonstrate EH, strial atrophy and
damage to the organ of Corti as a distention of Reissner’s
membrane, a thinning of the lateral wall and a flattening
of the organ of Corti, respectively. The OCT images of
normal and pathological cochleae were virtually identical
with those of HE specimens, except that the extent of EH
was overestimated in histological images compared with
OCT images and that there were several artifacts in the
HE specimen, such as bending of the interscalar septum
and basilar membrane, folding of Reissner’s membrane,
separation of the spiral ligament from the bony wall, and

flattening of the organ of Corti in the basal turn, which
were not seen in the OCT images. These findings indicate
that observing the decalcified cochlea by using OCT
would be of great value when examining cochlear pathol-
ogy, especially EH, prior to or without histological ex-
aminations.
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Effects of EAS cochlear implantation surgery on vestibular function

KEITA TSUKADA!, HIDEAKI MOTEKI*2, HISAKUNI FUKUOKA!, SATOSHI IWASAKI* &
SHIN-ICHI USAMI!

' Department of Otolaryngology and *Department of Hearing Implant Science, Shinshu University School of Medicine,
Matsumoto Ciry, Japan

Abstract

Conclusions: The patients who received electric acoustic stimulation (EAS) cochlear implantation had relatively good vestibular
function compared with the patients who did not have residual hearing. The vestibular function was well preserved after
atraumatic EAS surgery. The round window approach and soft electrode are preferred to decrease the risk of impairing
vestibular function. Objectives: The aim of this study was to examine the characteristic features of vestibular functions before
and after implantations in patients undergoing EAS. Moethods: Vestibular functions in patients who underwent EAS
implantation were examined by caloric testing and vestibular evoked myogenic potential (VEMP) in 11 patients before
and in 13 patients after implantation. Results: Preoperative evaluation showed that of the 11 patients, most (73%) had good
vestibular function. One of 11 patients (9%) had decreased response in postoperative VEMP but all of the patients had
unchanged results in postoperative caloric testing.

Keywords: Cochlear implant, VEMP, caloric test, preservation

Introduction

Recently, a series of reports have shown the efficiency
of electric acoustic stimulation (EAS) in patients with
residual acoustic hearing in the lower frequencies [1].
The development of techniques such as soft surgery
when performing cochleostomy {2], round window
insertion [3], use of atraumatic electrodes [4,5], and
postoperative steroid administration has enabled pres-
ervation of residual hearing after cochlear implantation
(CI) surgery.

Current techniques of CI also facilitate remarkable
improvement in hearing ability. However, consider-
ation must still be given to the complications that can
accompany a CL

One possible such complication is impairment
of vestibular function with resulting vertigo symp-
toms. The incidence of this complication as
reported in the literature varies widely from 0.33%
to 75% [6].

Although numerous studies have reported the effects
of CI on the vestibular function in deaf patients, there
have been no reports examining the vestibular func-
tion in patients who had residual hearing at lower
frequencies, or of the postoperative effects on vestib-
ular function of new atraumatic concepts of electrode
and surgical techniques.

We recently published a preliminary report that the
round window approach (RWA) is preferable from
the viewpoint of vestibular function [7].

The aim of the present study was to further examine
the changes in vestibular functions after implantation
in patients who underwent EAS CL '

Material and methods
Patients

Thirteen patients (four males and nine females) who
underwent EAS Cl in our center were included in this
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study after obtaining informed written consent. The
study was carried out with the approval of the Shinshu
University Ethical Commiittee.

The age at implantation ranged from 30 to 60 years,
and the mean age was 45.2 years. All patients ful-
filled the following inclusion criteria: post-lingually
acquired, bilateral sensorineural hearing loss (HL)
with pure tone thresholds of <65 dB HL at the low
frequencies (125, 250, and 500 Hz), of 280 dB HL at
frequency 2 kHz, and of 285 dB HL at frequencies
>4 kHz, and monosyllabic word recognition scores in
quiet of £60% at 65 dB sound pressure level (SPL) in
both ears in best-aided condition. Subjects were
still included in this study if one of these frequencies
was out of the mentioned decibel levels by only 10 dB
or less.

Cochlear implantations

We performed CI with full insertion of the ME-
DEL FLEX®*S® glectrode (MED-EL, Innsbruck,
Austria) in all patients.

All surgeries were performed by a single surgeon
and the RWA was applied for electrode insertion.
Systemic antibiotics and dexamethasone were
administered peri- and postoperatively. Residual
hearing was successfully preserved in all patients
(data not shown).

Vestibular testing

The patients were examined by caloric testing and
vestibular evoked myogenic potential (VEMP) before
or after implantation, or both, to obtain data on
semicircular canal function and otolithic function,
respectively.

In VEMP testing, electromyography (EMG) was
carried out using a pair of surface electrodes mounted
on the upper half and the sterna head of the sterno-
cleidomastoid (SCM) muscle. The electrographic
signal was recorded using a Neuropack evoked poten-
dal recorder (Nihon Kohden Co. Ltd, Tokyo, Japan).
Clicks lasting for 0.1 ms at 105 dBnHIL were pre-
sented through a headphone. The stimulation rate
was 5 Hz, the bandpass filter intensity was 20—
2000 Hz, and analysis time was 50 ms. The responses
to 200 stimuli were averaged twice. Because the
amplitude of the VEMP based on the unrectified
EMG is correlated with the activity of the SCM
muscle during the test [8], we measured the activity
of the SCM muscle using the background integrated
EMG response, the arca under the averaged rectified
EMG curve, from —20 ms to 0 ms before the sound
stimulation. The correction of the amplitude was
calculated as follows [9]:
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Corrected amplitude (ms™) = amplitude of the
averaged unrectified EMG (micro V)/background
integrated EMG (micro V ms)

In caloric testing, maximum slow phase velocity
(SPV) was measured by cold water irrigation (20°C,
5 ml, 20s). We defined below 10°/s of SPV as areflexia
and between 10 and 20°/s as hyporeflexia.

Staristical analysis

SPSS for Windows sofiware (Chicago, L, USA) was
used for all analyses, and paired z test was applied
when comparing differences in preoperative and post-
operative vestibular functions. Statistical significance
was set at p < 0.05.

Results

The results are summarized in Table 1.

Semicircular canal function

Preoperative evaluation was petformed bilaterally.
Three of 11 patients (27%, nos 3, 4, and 5) showed
areflexia or hyporeflexia in caloric testing. Patient no.
4 had bilateral areflexia, no. 5 had implanted ear
areflexia and non-implanted ear hyporeflexia, and
no. 3, had hypoflexia only in the non-implanted ear.

Postoperative caloric testing was obtained after
1 month or more. All 13 patients underwent postop-
erative caloric testing and 11 of them were also
examined before the EAS implantations. Two (nos
4 and 5) of 13 patients (15%) had abnormal postop-
erative caloric test results in the implanted ear,
although both of them also had abnormal results
before implantations. Figure 1 shows the caloric
response before and after EAS implantations for the
implanted ear. Compared with before implantadons,
the results after implantations were unchanged in all
of the 11 patients who underwent both preoperative
and postoperative testing. One patient (no. 4) had
areflexia both before and after implantation. The
mean SPV was 28.06°/s preoperatively (SD = 17.61)
and 28.68°/s postoperatively (SD = 15.53). There were
no significant differences between results before and
after implantations in caloric testing (p = 0.67).

Orolithic function

When preoperative evaluation was performed, no
patients showed absent response in VEMP.
Postoperative VEMP was obtained after 1 month or
more. All 13 patients underwent postoperative VEMP
and 11 of them were also examined before EAS
implantations. No patient had absent VEMP response
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Table I. Summary of patents’ details.

Patient no. Age (years)/sex Implanted side Caloric test (°/s) VEMP (ms™h)

Implanted ear Non-implanted Implanted ear Non-implanted

ear ear

Preop Postop Preop Postop Preop Postop Preop Postop
1 41/M R NA 22.28 NA 20.74 NA 0.060 NA 0.068
2 47/F L NA 24.41 NA 9.091 NA 0.029 NA 0.022
3 40/F L 22.67 24.65 17.61% 17.76* 0.055 0.053 0.041 0.061
4 60/F R 0 ot 6.051 of 0.017 0.012 0.029 0.022
5 46/F R 4.461 8.317 15.14* 19.94* 0.012 0.015 0.024 0.025
6 39/F L 52.84 50 46.26 38.76 0.027 0.023 0.028 0.047
7 47/F R 26.64 28.2 22.18 27.31 0.020 0.018 0.024 0.022
8 30/M R 29.62 30.65 31.1 14.69 0.062 0.032 0.045 0.028
9 40/M L 24.94 29.39 38.11 23.4 0.026 0.019 0.046 0.025
10 35/F L 23.18 22.91 22.24 21.96 0.025 0.026 0.030 0.040
11 52/M R 22.57 22.02 22.44 22.98 0.018 0.020 0.023 0.017
12 51/F L 52.57 45.97 50.26 54,95 0.036 0.033 0.041 0.026
13 59/F L 49.18 43.44 54.3 43.44 0.010 0.008 0.038 0.024
NA, not available.
*Hyporeflexia.
tAreflexia.

in the implanted ear. Figure 2 shows corrected VEMP
amplitudes before and after EAS implantations for the
implanted ear. Although one (no. 8) of the 11 patients
(9%) had a decreased response in corrected VEMP
amplitude, corrected VEMP amplitudes after
implantations were unchanged in all but one of the
patients, when compared with preoperative results.
The mean corrected amplitude was 0.028 preopera-

tively (SD = 0.017) and 0.023 postoperatively
(8D = 0.013). There were no significant differences
60
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Figure 1. Results of caloric testing before and after EAS implanta-
tions in the implanted ear. There were no significant differences
between preoperative and postoperative results (p = 0.67). MSV,
maximum slow eye velocity.

between results before and after implantation in
VEMP testing (» = 0.095).

Discussion

Previous reports showed that the frequencies of
‘preoperative’ vestibular disorders in profound hear-
ing loss patients were about 30-73% in caloric testing
[10-14] and about 11-65% in VEMP [10-15].

0.07
0,06 -
0.05
0.04 1
0.03 -
0.02 -

0.01 4

Postoperative corrected amplitude (ms™)

0 0.61 0.02 0.03 0.04 0.05 0.06 0.07
Preoperative corrected amplitude (ms™)

Figure 2. Results of VEMP before and after EAS implantations in
the implanted ear. There were no significant differences between
preoperative and postoperative results of VEMP testing in EAS
implanted ears (p = 0.095). Corrected amplitude was used to
compare the results.
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In this study, we found that the ‘preoperative’ fre-
quencies of vestibular disorders in hearing loss patients
with residual hearing who received EAS were 27% and
0% in caloric testing and VEMP, respectively.

This finding suggested that vestibular function of
the patients who underwent EAS was relatively good
compared with the patients with profound hearing
loss who underwent conventional CI.

In this study, to preserve such good vestibular
function, atraumatic CI surgery (RWA with flexible
thin electrode) was performed. Although one patient
showed a decreased VEMP result, there was no
hypofunction in postoperative caloric testing when
compared with preoperative results in the implanted ear.

According to previous reports, various frequencies
of postoperative deterioration in vestibular function
were demonstrated. Postoperative hypofunction was
found in 6-58% in the caloric testing [10-14,16-18],
and 13-86% in VEMP [10-15]. One of the reasons
for such variation is probably the surgical technique
applied.

Todt et al. reported that hypofunction of postop-
erative VEMP was seen in 50% of patients who
underwent cochleostomy and 13% of those with
RWA Also, abnormal postoperative caloric testing
results were seen in 42.9% of the patients who under-
went cochleostomy and 9.4% of those who had the
RWA [10].

Temporal bone studies have shown that an elec-
trode insertion into the scala vestibuli involves dam-
age of the osseous spiral lamina, basilar membrane,
and vestibular receptors. The saccule was the most
frequently damaged vestibular receptor, followed by
the utricle and the semicircular canals [19].

However, when the electrode was inserted into the
scala tympani, no vestibular damage was found [19].
Adunka et al. evaluated cochlear implant electrode
insertions through the round window membrane his-
tologically and reported that smooth implantations via
round the window membrane resulted in deep, atrau-
matic insertions into the scala tympani [20]. Unin-
tentional lesions to the basilar membrane can be
avoided by using the round window as an exact
anatomic landmark that is always in direct continuity
with the scala tympani [20]. Previous histological and
clinical studies clearly showed that the RWA is the
technique that preserves the vestibular functions to
the greatest extent and therefore is better than
cochleostomy.

In the present study, the FLEX®5S clectrode was
used for all of the patients. The cross-sectional
diameter of the electrode is smaller than a conven-
tional electrode, varying from 0.33 by 0.49 mm at the
apex and to 0.8 mm at the basal, and a major feature
of the device is its superior flexibility. Histology and

Vestibular function in EAS 1131

dissection of human temporal bones performed by
Adunka et al. confirmed the atraumatic character of
this device [20]. Insertion forces with the conven-
tional array and FLLEX array were measured in an
acrylic model of the scala tympani, demonstrating
that insertion force could be reduced significantly
by more than 40% with the FLEXEAS electrode
[4]. As in our previous study [7], such a smaller
diameter and more flexible electrode might enable
less damage to not only the cochlear tssue, but also
the vestibular organs.

In conclusion, patients undergoing EAS implanta-
tion have good vestibular function compared with the
vestibular function of the patients with profound
hearing loss. It is important to preserve not only
residual hearing but also the vestibular function of
the implanted ears, using atraumatic surgical techni-
ques. The RWA with soft electrode is preferable to
decrease the risk of damage to vestibular function.
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Identifies New Causative Mutations in Deafness Genes in
Patients with Cochlear Implantation and EAS
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Abstract

Genetic factors, the most common etiology in severe to profound hearing loss, are one of the key determinants of Cochlear
Implantation (Cl} and Electric Acoustic Stimulation (EAS) outcomes. Satisfactory auditory performance after receiving a Ci/
EAS in patients with certain deafness gene mutations indicates that genetic testing would be helpful in predicting CI/EAS
outcomes and deciding treatment choices. However, because of the extreme genetic heterogeneity of deafness, clinical
application of genetic information still entails difficulties. Target exon sequencing using massively parallel DNA sequencing
is a new powerful strategy to discover rare causative genes in Mendelian disorders such as deafness. We used massive
sequencing of the exons of 58 target candidate genes to analyze 8 (4 early-onset, 4 late-onset) Japanese CI/EAS patients,
who did not have mutations in commonly found genes including GJB2, SLC26A4, or mitochondrial 1555A>G or 3243A>G
mutations. We successfully identified four rare causative mutations in the MYO15A, TECTA, TMPRSS3, and ACTGT genes in
four patients who showed relatively good auditory performance with Cl including EAS, suggesting that genetic testing may
be able to predict the performance after implantation.
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Introduction Edological studies have shown genetic disorders to be a
common cause of deafhess, but difficndty lies in the faet that
deafiiess is an extremely heterogenous disorder.

Invader-based multi-gene screening for 13 genes/46 murations
commonly found in Japanese, identified the responsible mutations
in approximatecly 30% of deafness paticnts {3}, acccleradng the
" ¢ ¢ i . clinical application of gene screening. However, the etiology of the
patients with partial deafness, defined as a mild to moderate low- 1ot of the patients is still unknown. In addition, the involvement of

frequency sensorineural hearing loss sloping to a profound hearing at least 58 distinct genes sometimes makes the precise diagnosis
loss in the higher frequencies [1]. One difficult point is that difficult.

outcomes of CI/EAS are variable and many factors are thought to

Cochlcar Implantation (CI) has been cstablished as a standard-
ized therapy for severe to profound hearing loss [1]. Elecwic
Acoustic Stmulation (EAS) is a hearing implant system combining
a cochlear implant and acoustic amplification technology in onc
device, and has recently become a standard intervention for the

¢ ) > ' : . Targeted exon sequencing of selecled genes using the Massively
be nvolved in postTmlplzmtam.m perfqnnmlct?. Satxsfacfory audi- Parallel DNA Sequencing (MPS) technology will potentially
tory ;'Jerfo?ma}nce in the patients with various deafness sene enable us to systematically tackle previously intractable monogenic
mulations indicates that genetic background would be helpful in disorders and improve molecular diagnosis. We have recently
predicting performance after CI [2]. When genetic background is o ted that target exon sequencing using MPS is a powerful tool
involved in mtra—cochlcal" ‘fm?logy= there 1 pot.cntxa.l if)r good to identify rare gene mutations for deafness patients {4].

pcr.fonr_xar?cc. Thc.rcforc, it 1s 1mportant to lxdt?ntlfy the mvolycd In this study, wc have choscn 58 dcafncss-causative gences, and
region inside/outside of the cochlea by identifying the responsible conducted genetic analysis using MPS-based genetic screening to

gene. Decisions as to whether to urxd'crgo EAS surgery altd Lh'e find the rare genes responsible for the patients who received CI or
timing of the surgery, as well as prediction of outcome after EAS is EAS.

sometimes difficult because of individual differences in progres-
sion, which is sometimes of a rather rapid nature but sometimes
rather stable. Onc advantage of genctc testing is that the possible
prognosis for hearing, i.e., progressive or not, can be predicted for
individual paticnts.
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Subjects and Methods

Subjects

Eight deafness patients (4 early-onset, 4 late-onset) were
randomly sclected from among 150 CI or EAS patients (69 male
and 81 female, aged 0 to 91), without common G7B2, SLC2644, or
mitochondrial 1535A>G or 3243A>G mutations dctermined by
direct sequencing. Four padents with early-onset deafiress received
Cl, and 4 late-onsel palients had rvesidual hearing at lower
frequencies and received EAS. All subjects or next of kin,
caretakers, or guardians on the behalf of the minors/children
gave prior written informed conscnt for participation in the
project, and the Ethical Committee of Shinshu University
approved the study and the consent procedure.

Auditory hehavioral development was assessed by IT-MAIS
and LitdEARS, both of which are parent questionnaires regarding
a young infant or toddler’s auditory bchavior [5,6]. TT-MAIS
consists of 10 questions, each scored on a 5-point scale: 0 = never,
1 =rarely, 2=occasionally, 3= (requently, and 4 =always. Lit-
HEARS has 35 questions, each scored as 1 =yes, and 0=no.

Amplicon Library Preparation

An Amphcon library of the target exons was prepared with an
Ton AmpliSeq™ Custom Pancl (Applied Biosystems, Tile
Technologies., Carlsbad, CA) designed with Ion AmpliSeq™
Designer (htips:/ /wwww.ampliseq.com/browse.action) for 58 genes
reported to be causative of non-syndromic hearing loss listed in
Table S1 (Hereditary Hcaring loss Homepage; hup://
hereditaryhearingloss.org/) by using Ion AmpliSeq lerary
Kit 2.0 (Applied Biosystems, Life Technologies) and Ion Xpress' ™
Barcode Adapler 1-16 Kit (Applicd Biosystems, Tife Technolo-
gies) according to the manufacturers’ procedures.

In brief, DNA concentration was measured with Quant-iT ™
dsDNA HS Assay (Invitrogen, Life Technologies) and Qubit®
Fluorometer (Invitrogen, Life Technologies) and DNA quality was
confirmed by agarosc gel cicc(:rophorcs}s 10 ng of cach genomic
DNA sample was amplified, using Ion AmpliSeq™ HiFi Master
Mix \Apphcd Biosystems, Life Technologies) and AmpliSeq™
Custom primer pools, for 2 min at 99°C, followed by 15 two-step
cycles of 99°C for 13 sec and 60°C for 4 min, ending with a
holding period at 10°C in a PCR thermal cycler (Takara, Shiga,
Japan). After the Multiplex PCR amplification, amplified DNA
samples were digcstcd with FuPa cnzyme at 50°C for 10 min and
53°C for 10 min and the enzyme was successively inactivated for
60°C for 20 min incubation. AFLcr digestion, diluted barcode
adapter mix including Ion Xpress™ { Barcode Adapter and Ion P1
adaptor were ligated to the end of the digested amplicons with
ligasc in the kit for 30 min at 22°C and the ligasc was successively
inactivated at 60°C for 20 min incubadon. Adaptor ligated
amplicon libraries were purified with the Agencourt AMPure
XP system (Beckman Coulter Genomics, Danvers,” MA). The
amplicon libraries were quantified by using Jon Library Quant-
tadon Kit (Applied Biosystems, Life Technologies) and the
StepOne plus realtime PCR system (Applied Biosystems, Life
Technologics) according to the manufacturers’ procedures. After
quantification, each amplicon library was diluted to 20pM and the
same amount of the 6 libraries for 6 patients were pooled for one
sequence reaction.

Emulsion PCR and Sequencing

The emulsion PCR was carried out with the Ion OneTouch™
System and Ion OneTouch 200 Template Kit v2 (Life Technol-
ogies) according to the manufacturer’s procedure (Publication Part
Number 4478371 Rev. B Revision Date 13 June 2012). Alter the

PLOS ONE | www.plosone.org
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cmulsion PCR, template-positive Ton Sphcrcl\'I Particles were
enriched with the Dynabeads® MyOne™ Streptavidin C1 Beads
(Life Technologics) and washed with Ton OncTouch™ Was
Solution in the kit. This process were performed using an Ion
OncTouch™ ES system (Lifc Technologics).

After the Ion Sphere Particle preparadon, MPS was performed
with an Ion Torrent Personal Genome Machine (PGM) system
using the Ton PGM™ 200 Scquencing Kit and Ton 318™ Chip
(Life Technologies) according to the established procedures
(Publication Part Number 4474596 Rev. B Revision Date 14 July
2012).

Base Call and Data Analysis

The sequence data were processed with standard Ion Torrent
Suite'™ Softwarc and Torrent Scrver successively mapped to
human genome sequence (build GRCh37/hgl9) with Tom:nt
Mapping Alignment Program optimized to Ton Torrent’ ™ data.
The average of 412.93 Mb scquences with about 3,200,000 rcads
was obtained by one Ion 318 chip. The 98.0% sequences were
mapped to the human genome and 94.9% of them were on the
target region. Average coverage of depth in the target region was
326.5 and 94.2% of them were over 20 coverage.

After the sequence mapping, the DNA variant regions were
piled up with Tomrent Variant Caller plug-in software. Selected
variant candidates were filtered with the average hase QV
(minimum average base quality 25), variant frequency (40-60%
for heterozygous mutations and 80-100% for homozygous
mutations) and coverage of depth (minimum coverage of depth
10). After the filtrations, variant effects were analyzed with the
WwANNOVAR web site [7,8] (http://wannovar.usc.edu) including
the functional predicton software for missense variants listed
bclow. PhyloP  (hitp://hgdownload.csc.uesc.cdu/goldenPath/
hg18/phyloP44way/), Sorting Intolerant from Tolerant (SIFT;
hip://sifijeviorg/), Polymorphism Phenotyping (PolyPhen2;
hitp://genetics.bwh.harvard.edu/pph2/), IRT (hutp://www.
genetics.wustl.edu/jflab/Irt_query.html), MutationTaster (http://
www.mutationtaster.org/), and GERP++ (http:/ /mendel.stanford.
edu/SidowLab/downloads/gerp/index.html).

Algorithm

Flow of informatics analysis is shown in Fig. 1. Missense,
nonsense, and splicing variants were sclected among the identified
variants. Variants were further selected as less than 1% of, 1) the
1000 genome database (http:/ fwww.1000genomes.org/), 2) the
5400 exome variants (http://evs.gs.washington.edu/EVS/), and
3) the 72 in-house controls. Candidate mutations were confirmed
by Sanger sequencing and the responsible mutations were
identified by segregation analysis using samples from family
members of the patients.

Direct Sequence Ana!ysxs

Primers were designed with the ancr 3 plus web server
(htp:/ /www.bioinformatics.nl/ cgi-bin/primer3plus/primer3plus.
cgi). Each genomic DNA sample (40 ng) was amplified using
AmpliTaq Gold (Lifc Technologics) for 5 min at 94°C, followed
by 30 three-step cycles of 94°C for 30 sec, 60°C for 30 sec, and
72°C for 30 sec, with a final extension at 72°C for 5 min, ending
with a holding period at 4°C in a PCR thermal cycler (Takara,
Shiga, Japan). The PCR products were treated with ExoSAP 1
(GE Healthcare Bio, Buckinghamshire, UK) and 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 scquencing
reacdon with ABI Big Dye terminators in an ABI 3130xl
sequencer (Life Technologies).
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Figure 1. Flow of informatics analysis. Selected missense, nonsense, and splicing variants were filtered with 1) the 1000 genomes, 2) the 5400
exome variants, and 3) the in-house control. Responsible mutations were confirmed by segregation analysis.

doi:10.1371/journal.pone.0075793.g001

Results

Aflter informatics analysis, several candidale variants were
identified and segregation analysis confirmed responsible muta-
tions in MY0154 (Case #1) and TECTA (Case #2) in pre-lingual
paticnts with conventional Cl, and mutations in TAMPRSSS (Casc
#3) and ACTGI (Case #4) were identified in patients with post-
lingual deafness with EAS (Fig. 1). All detected mutations were
predicted to be pathologic by several software programs (1'able 1).
In the remaining four cases, there were no conclusive causative
mutations found in this study.

Case #1: Severe Hearing Loss caused by MYO15A
Mutations (Fig. 2)

As in Fig. 1, MPS identified 10 candidate variants in 9 genes.
Among the Y genes, CDH23 and MY0154 are known to be
inherited in a recessive manner. Sanger sequencing could not
detect the CDH23 variant. A MY0154 mutation (c.9478C>T
(p.L3160F)) was confirmed by Sanger sequencing. Consecutive
Sanger sequencing amalysis  identified another murtadon,
¢.1179_1183insC, which was not found by MPS. The inconsistent
resulls between the two methods were due to this mutation being
located in the homo-polymer (poly C stretch) region, which is
difficult to detect using this system [9] The patient (5y 5 m-old
boy) had compound heterozygous MFY0I54 mutations

PLOS ONE | www.plosone.org

(c.[9478C>T];[1179_1185insC]), and the parents were found to
be carriers for these mutations (Fig. 2A). The frameshift mutation
¢.1179_1185insC, lcading to a stop codon, was predicted to be
causative, and the missense mutation, ¢.9478C>T, was predicted
to be pathologic by several software programs (Table 1).

His hearing loss was found through newborn hearing screening
using OAE. Auditory steady state responsc (ASSR) and condi-
tioned orientation reflex (GOR) evaluated at the ages o 1y 6 m, 2y
3 m, 2y 8 m, and 3y 6 m showed progressive hearing loss. He used
hearing aids and some language development was seen, but duc 1o
progressive hearing loss, hearing aid amplification was insufficicnt,
and he received a left CI (MEDEL PULSAR CI100/standard
electrode) at the age of 4y 9 m. To obtain the final outcome, long-
term follow up will be needed, but language was developed after 3
months of CI use (Scores of IT-MAIS: 16/40>25/40, LitdEar:
28>33).

Case #2: Profound Hearing Loss caused by TECTA
Mutations (Fig. 3)

The patient (a 2-year-old boy) had compound heterozygous
TECTA mutations (c.[596delT];[1471C>T]), and the parents
were found (o be carriers for these mutations (Fig. 3A). The
frameshift mutation, c.5396delT, leading to a stop codon, was
predicted to be pathologic. The missense mutation, ¢.1471C>T
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Table 1. Missense mutations found in this study.
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Gene, ﬁ;i?\ge ?Zlﬁange ESP5400 1000g2012feb dbSNP135 PhyloP SIFT PolyPhen2 LRT MutationTaster GERP++
MYOI5A = c9478C>T pL3160F ~0.007618 0.01 © 15140029076 N (0.885983) D (0.97) ~ NA (0.754167) NA D (099518) - 0651

f L i : : k . (0.981216) .
TECTA c1471C>T pR48IC - - - C {0.998333) D (0.97) D) D (1) D (0.684828) 4.88
TMPRSS3 ~ c1159G>A pA387T - - = C(0.997807) D {0.96) - B (0.074) DM N {0364687) = 4.62
ACTG1 ¢895C>G pl2govy - - - C {0.978424) NA B (0.006) D (0.99998) D (0.999635) 1.2

(0.750464)

doi:10.1371/journal pone.0075793.t001

(p.R491C), was predicted to be pathologic by several software
programs (Table 1).

His hearing loss was found through newborn hearing screening
using OAE. ASSR and COR evaluated at the age of 8 m, 1 y 3 m,
and 1 y 9 m showed progressive hearing loss. He used hearing
aids, but due to msufficient amplification, he received a left CI at
the age of 2. Language was developed after 4 months of CI use
(Scores of TT-MATS: 9/40>23/40).

Case#3: Late Onset Hearing Loss with Residual Hearing
in Low Frequencies caused by TMPRSS3 Mutations (Fig. 4)

The patient (a 40-ycar-old woman) had compound heterozy-
gous TMPRSS3 mutalions c.[607C>TY;{1159G>A]
P-[Q203X];[A387T]) (Fig. 4A). The nousense mutation
p.Q203X was predicted to be causative, and the missense
mutation (p.A387T) was predicted to be pathologic by scveral
software programs (Table 1). The parents were found to be
carriers for these mutations. She had hearing loss detected by mass
screening In primary school. It appeared to slowly progress, and by
age 25 she suffered inconvenience in hearing and communication.
FAS MEDEL PULSAR FLEXeas) was applied at the ages of 38
and 39. Residual hcaring for acoustic amplification could be
preserved, and hearing level with bilateral EAS was around 30dB
(Fig. 4C-FE). Japanese monosyllable test (65dB SPL in quiet)
showed dramatic improvement with bilateral EAS from 18% to
90% one year after receiving the second EAS (Fig. 4F).

(HO

spNs

c.[1179_1185insC;[=]
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SIFT, Polyphen-2, PhyloP, LRT, Mutation Taster, and GERP++ are functional prediction scores in which increasing values indicate a probable mutation. ESP5400 and
100g2012feb are the allele frequency in each 5400 exome and 1000 genome project.
Abbreviations: C, conserved; N, not-conserved or neutral D, damaging or deleterious; B, benign; NA, not applicable.
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Figure 3. The Cl patient with TECTA mutations. A: The patient has
compound heterozygous TECTA mutations {c.[596delT]{1471C>T)), and
the parents were found to be carriers for these mutations. B: COR
audiogram finding (1y 9 m).

dok:10.1371/journal.pone.0075793.g003

Case #4: Late Onset Hearing Loss with Residual Hearing
in Low Frequencies caused by ACTG? Mutation (Fig. 5)
The padent (a 41-year-old man) had a heterozygous ACTGI
mutation, ¢.893C>G (p.1.299V) (Fig. 5A). His pedigree was
compatible with autosomal dominant hearing loss. A missense
mutation, p.L299V, was predicted to be pathologic by several
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Figure 2. The Cl patient with MYO754 mutations. A: The patient has compound heterozygous MYO15A mutations (c.[9478C>TI;
[1179_1185insC]), and the parents were found to be carriers for these mutations. B: COR audiogram finding (1y 6 m).

doi:10.1371/journal.pone.0075793.g002
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and the parents were found to be carriers for these mutations. The patient’s brother also has the same mutations. B: X-ray imaging after bilateral EAS.
C: Pre-operative audiogram. D: Post-operative audiogram {left: 24 months after first EAS, right: 4 months after second EAS). E: Hearing threshold with

bilateral EAS. F: Japanese monosyllable test (65dB SPL in quiet) showing dramatic improvement with bilateral EAS.
doi:10.1371/journal.pone.0075793.g004

software programs (Table 1). He noticed his hearing loss at avound hearing for acoustic amplification could be preserved, and hearing

age 20. He received EAS due to progressive hearing loss. Residual level with bilateral EAS was around 30dB (Fig. 5B, D, E). Japanese
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monosyllable test (65dB SPL in quiet) showed dramatic improve-
ment from 20% to 80% one year after receiving EAS (Fig. 5F). His
father and brother carried the same mutation. The audiogram of
the brother is shown in Fig. 5C. His father also has hearing loss
based on anamnestic evaluation. Neither of the padent’s sons
{aged 10 and 12) have any hearing loss evaluated by pure tone
audiogram, although the younger son has the same mutation.

Discussion

The present MPS-based genetic analysis efficiently identified
rare causative mutations in four genes, AMIY0154, TECTA,
TMPRSS3, and ACTGI. All except TMPRSS3 were first reported
in patients with CI/EAS.

MYOI54 has been reported mainly in severe to profound
hearing loss [10]. Thercfore, it is not surprising the paticnt with
the MY0I54 mutation was found among the CI patients.
However, probably due to being too large to be sereened by
conventional direct scquencing, thc routine scrcening of this
particular gene was hampered in spite of its importance in this
particular population. M¥0154 is known to be responsible for
DFNB3 [11]. Myosin 15a localizes to the tips of inncr car scnsory

A B
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cell stereocilia and is essential for staircase formation of the hair
bundle [12]. Since the etiology is located within the sensory hair
cells, comparatively better outcomes can be predicted. This case in
fact showed better performance after CI.

TECTA encodes o-tectorin, the major component of non-
collagenous glycoprotein of the tectorial membrane. TECTA has
been reported to be responsible for both autosomal dominant non-
syndromic sensorincural hcaring loss (ADNSHL) (DFNA8/12)
and autosomal recessive non-syndromic sensorineural hearing loss
(ARNSHL) (DFNB21). Dominant TECT4 mutations can cause
mid-frequency, high-frequency progressive HL, and TECTA is
reported to be the commonest causative gene among ADNSHL
[13]. Dominant inherited deafniess caused by this gene has not
been reported to reach the level of profound hearing loss. In
contrast, recessive TEC7A mutations causc morc profound
hearing loss [14]. The etiology is located within the cochlea,
therefore comparatively better outcomes can be predicted. This is
the first report of a patient with mutations in this gene showing
good outcome as prospected from intra-membranous labyrinth
ctiology.

In this study, TMPRSS3 was identfied in a patient with post-
lingual deafness with EAS (Casc #3).
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Figure 5. The EAS patient with ACTG7 mutation. A: The patient has heterozygous ACTG? mutation, ¢.895C>G. Pedigree is compatible with
autosomal dominant hearing loss. His father and brother cartied the same mutation. B: Pre-operative audiogram. C: Audiogram of brother. D: Post-
operative audiogram {6 months after EAS). E: Hearing threshold with EAS. F: Japanese monosyllable test (65dB SPL in quiet) showing dramatic

improvement with EAS.
doi:10.1371/journal. pone.0075793.g005
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TMPRSS3 is a member of the Type Il Transmembrane Serine
Protease family.

TMPRSS3 may be involved in processing proncurotrophins and
therefore in the development and survival of the cochlear neurons
[15].

TMPRSS3 has been reported to be responsible for DFNB8/10.
Typically, the patients show ski-slope type audiograms and
progressive HL [16], being compatible with the phenotype of
the present patient. Outcome of CI for patients with TMPRSS3 is
controversial [2,16,17]. Two older papers reported good outcome
of CI, while a recent report described poorer performance.
Eppsteiner et al. [2] reported two cases of 38-year-old patients
with a history of progressive hearing loss starting at the age of 5—6
years. Both of their outcomes were poorer compared with other
patients, and the authors hypothesized that it was because the
encoded protein is also expressed in the spiral ganglion. However,
the present 40-year-old patient showed completely different
performance after EAS, indicating that CI is not a contraindica-
tion and CI and/or EAS can bc a rccommended therapeutic
option. Especially, the previously reported typical phenotype is
high frequency involved hearing loss, which is a good indication
for EAS. In the literature, there is also a severe phenatype with all
frequencies affected [18]. Our 40-year-old patent did not have
rapid progressive hearing loss (only 24 dB (125+250+500 Hz/3)
during the 7-year {ollow-up period), supporting that this patient
was a good candidate for EAS. Within this family, intra-familial
variation was observed, ie., an elder brother with the same
mutations showed early onset (10 y.0.) profound hearing loss.
Therefore, other factors may also potentially be involved in
determining the phenotype (including severity and progression).

ACTGI was identified in a patient with post-lingual deafness
with EAS (Case #4).

His brother (35 y.0.) also showed similar high frequency
involved progressive hearing loss. Together with the previous
literature, high frequency involved progressive nature is one of the
characteristic features of the patients with ACTGI mutations. The
present study proved that EAS is a good therapeutic option for the
patients with this gene mutation. ACTGI is known to be
responsible for DFNA20/26. ACTGI, encoding gamma-actin, is
the predominant actn isoform in auditory hair cells, more
specifically in the cuticular plate, adherens junctons and
stereocilia [19]. The etiology is located within the cochlea,
therefore comparatively better outcomes can be predicted. Our
patient’s successful performance after EAS is compatible with the
intra-membranous labyrinth ectiology. The younger son who
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carried the same mutation will potentially have progressive
hearing loss and his hearing is currently checked semiannually.

EAS is a new trend in therapy for the patients with residual
hearing in the lower frequencies [20]. Various genes may be
involved in the candidates [21], and we have found the
mitochondrial 1535 A>G mutaton and CDH23 mutations in
the patients receiving EAS [22], suggesting that the padents with
those ctiologies may have a polential lo show good olitcomes.
Using the new MPS platform based on new generadon sequencing
enabled us to add two responsible genes, TMPRSS3, and ACTGI,
in the patients with EAS. Identification of those genes may be
good predictor when choosing the therapeutic options. Since the
speed of progression may depend on the responsible gene, this
informadon may be helpful for timing of EAS surgery and the
selection of the clecrode.

Overall, the current findings confirmed the importance of
genetic information for predicting outcome of the CI/EAS
padents, i.c., rclatively good performance would be cxpected if
the pathology exists within the cochlea. Such molecular diagnosis
is important for the decision making process for selection of
appropriatc intervention, such as conventional cochlear implan-
tation, EAS, hearing aid, or combination with other communica-
tion modes.

In spite of difficulty in discovery of the responsible gene for each
individual paticnt, genctc testing using MPS may bec a
breakthrough. In the current series, MPS successfully discovered
rare causative genes in CI patients and in EAS patients. These
genes have not usually been screened and therefore mutations in
them have not been diagnosed by the conventional approach.
From that point of view, MPS has the potential power to identify
such rare genes/mutations.
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Abstract

The present study of KCNQ4 mutations was carried ‘out to 1) determine the prevalence by unbiased population-based
genetic screening, 2) clarify the mutation spectrum and genotype/phenotype correlations, and 3) summarize clinical
characteristics. In addition, & review of the reported mutations was performed for better understanding of this deafness
gene. The- screening using. 287 probands. from .unbiased. Japanese . autosomal. dominant nonsyndromic: hearing loss
(ADNSHL) families identified 19 families with 7. different disease causing mutations, indicating that the frequency is 6.62%
(19/287). While the majority were private mutations, one particular recurrent mutation, c.211delC, was observed in 13
unrelated families. Haplotype analysis in the vicinity of c.211delC suggests existence of a common ancestor. The majority of
the patients showed all frequency, but high-frequency predominant, sensorineural hearing loss. The present study adds a
new typical audiogfam configuration characterized by mid-frequency predominant hearing loss caused by the p.V230E
mutation. A variant at the N-terminal site (c. 211delC) showed typical ski-slope type audiogram configuration. Concerning
clinical features, onset age was from 3 to 40 years old, and mostly in the teens, and heating loss was gradually progressive.
Progressive nature is a common featlre of patients with KCNQ4 mutations regardless of the mutation type. In condlusion,
KCNQ4 mutations are frequent among ADNSHL patients, and therefore screening of the gene and molecular confirmation of
these mutations have become lmportant in the diagnosis of these conditions.
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Introduction and TECTA [1]. Based on the number of reported mutations, the
) . . . KCNQ4 gene (responsible gene for DFNAZ2) is known to be one of

Autosomal dominant nonsyndromic hearing loss (ADNSHL) is e mogt frequent responsible genes for ADNSHL [1]. KCNVQ4, a
extremely heterogeneous. To date, more than 60 DFNA loci have member of the voltage-gated potassium channel farﬁi}y, plays a
been identified and 27 genes for DFNA have been identified (Van role in potassium recycling in the inner car [2]. In this 693-amino
Camp G, Smith RJH. Hereditary Hearing Loss Homepage:  ,cid protein there are six transmembrane domains and a
http://hereditaryhearingloss.org). Genetic testing has become hydrophobic P-loop region, which is between the transmembrane
crucial for precise diagnosis, progression estimation, and selection domains S5 and S6 (residues 259 to 296). A chammel pore,
of ideal intervention. Howcvcr,A due to such genetic‘hcterogcneiry containing a potassium ion-sclective filter, is formed by the P-loop
and lack of recurrent mutations, routine genetic testing for  gomain Channel function of this selectivity filter is eliminated by
ADNSHL has lagged. Linkage analysis is a powerful tool to  pore region mutations [2]. DFNA2-associated hearing loss has
identify a vesponsible gene for ADNSHL, but in the usual clinical been reported to be typically late onser high frequency-involved
setting, only a limited number of samples are available and this is and progressive over time, as opposed to early onset and severe
insufficient for linkage analysis. Among ADNSHL genes, several loss in recessive forms [3]. To date, more than ten pathologic
arc frequent, for example, WFSI, KCNQ4, COCH, G7B2, MYOIA, mutations have been identified in KGNQ4 and they are mostly
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missense mutations with a dominant-negative mechanism [3]. It
was a matter of interest to know the prevalence of KCNQ#
mutations to be found through unbiased population-based genetic
screening. In this study, we performed the screening in a
comprehensive manner to establish the mutation spectrum and
genotype/phenotype correlations associated with this type of
ADNSHL. Also, we were interested to know whether there are any
recurrent mutations. In addition, we reviewed the reported
mutations for better understanding of this deafness gene. We
found that KCVQ4 is frequent among ADNSHL patients, and
thercfore an important causative gene to be screened.

Materials and Methods

Subjects and clinical evaluation

The subjects participating in this study were 287 probands, each
from an independent Japanese ADNSHL family. Whether or not
progression was present was based on anamnestic evaluation.
None of the subjects had any other associated neurological signs,
visual dysfunction or diabetes mellitus. The control group was 252
unrelated Japancse individuals with normal hearing evaluated by
auditory testing. The average threshold in the conversation
frequencies (0.5 kHz, 1 kHz, 2 kHz) was calculated for the better
ear, and scverity of hearing loss was noted to be normal (—19 dB)
in 24 subjects, mild (20-39 dB) in 69 subjects, moderate (4069
dB) in 132 subjects, severe (70-94 dB) in 23 subjects, and profound
(=95 dB) in 24 subjects. Subjects with high frequency hearing loss
only at 4 kHz and 8 kHz were classified as normal because they
had normal hearing at 0.5, 1 and 2 kHz. Hearing loss severity was
not obtained for 13 subjects. All probands’ pure-tone thresholds
were recorded on the frequencies of 125, 250, 500, 1000, 2000,
4000, and 8000 Hz.

Ethics Statement

All subjects or next of kin, caretakers, or guardians on the behalf
of the minors/children gave prior written informed consent for
participation in the project, and the Ethical Committee of Shinshu
University approved the study and the consent procedure.

Mutation analysis

All fourteen ecxons and flanking intronic sequences of the
KCNQ4 gene were amplified by polymerase chain reaction PCR.
Primers were designed to flank all of the exon-intron boundaries
through use of the Primer3 web based server. Each genomic DNA
sample (40 ng) was amplificd using 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 100400 bp, and they were
treated with 0.1 ul exonuclease I (Amersham) and 1 ul shrimp
alkaline phosphatase (Amersham) and by incubation at 37°C for
30 min, and inactivation at 80°C for 153 min. After the products
were purified, we performed standard cycle sequencing reaction
with ABI Big Dye terminators in an ABI 3100 autosequencer
(Applied Biosystems).

Computer analysis to predict the effect of missense variants on
the protein function was performed with wANNOVAR (http://
wannovar.usc.edu) including the functional prediction software
listed  below.  PhyloP  (http://hgdownload.cse.ucsc.edu/
goldenPath/hgl18/phyloP44way/), Sorting Intolerant from Toler-
ant (SIFT; http://siftjevi.org/), Polymorphism Phenotyping
(PolyPhen2;  http://genetics.bwh harvard.edu/pph2/), LRT
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(http:/ /www.genetics.wustl.edu/jflab/lrt_query.html), and Muta-
tonTaster (http://www.mutationtaster.org/).

Haplotype analysis

Haplotype pattern within the IMbp region swrounding
position ¢.211, where the frequent Japanese mutation ¢.211delC
was found, was analyzed using a set of 48 single nucleotide
polymorphisms (SNPs) (21 sites upstream and 27 sites down-
stream). Haplotype analysis was performed by the direct
sequencing method described above.

Statistical analysis of progression of hearing loss

Each subject’s ages at the time of examination and their pure
tone thresholds were plotted for detailed progression analysis with
125, 250, 500, 1000, 2000, 4000, 8000 Hz, respectively. The
average progressive rates of hearing loss (db/year) were calculated
by linear regression lines, and analysis of difference of the rates was
performed using analysis of covariance (ANCOVA) with SPSS
verl9 software.

Results

Mutation analysis

Direct DNA sequencing identified 8 possible disease-causing
mutations among 20 autosomal dominant families (Table 1).
There were one deletion mutation (c.211delC), onc insertion
mutation (¢.229_230insGC), and 6 missense mutations (p.F182L,
p-V230E, p.W276S, p.P2918, p.P291L, p.R297S) (Table 1). These
included 5 novel and three previously reported pathologic
mutations: ¢.211delC, p.F182L, and p.W2768 (Table 1, Fig. 1).
However, we excluded p.F182L as it is unlikely to be pathologic,
according to the prediction program (Table 1). p.F182L was also
found in a control sample with normal audiogram (Table 1).
Therefore, 7 pathologic mutations from 19 familics were found in
a total of 287 ADNSHL families in this study (Fig. S1).
Concerning the domains in which the 7 mutations were localized,
2 mutations were found in the N-terminal cytoplasmic domain,
one mutation in the S4-83 linker domain, 3 mutations in the pore
region and the P-loop region, and one mutation in the S-6
wansmembrane domain (Table 1, Fig. 1).

Frequency of KCNQ4 mutations

The frequency of KCNQ4 mutations found in ADNSHL families
in this study was 6.62% (19/287). The most prevalent mutation
was ¢.211delC, at 4.53% (13/287) and it accounted for 68.4%
(13/19) of all KCNQ4 mutations.

Haplotype analysis.

Haplotype pattern within the 1Mbp region swrrounding the
position of the most frequent mutation ¢.211delC, was character-
ized using a set of 48 single nucleotide polymorphisms (SNPs) (21
sites upstream and 27 sites downstream). All patients from 6
families with ¢.211delC showed an exactly identical pattern in the
allele with ¢.211delC, though the other allele showed a variety of
haplotype patterns (Fig. 2).

Clinical charactetistics

Table 2 summarizes clinical characteristics of 36 patients from
19 families with hearing loss caused by the KCNQ#4 mutations,
including age at their first visit to the ENT clinic, onset age (age of
awareness), audiogram configuration, progression of hearing loss,
tinnitus, and vestibular symptoms. The ages at first clinic visits
were from O to 78 years. Ages of onsct (awareness age) ranged

May 2013 | Volume 8 | Issue 5 | e63231



Biorauosoid'mmm | INO SOTd

1£7€99 | § onssp | g awnjop | €107 Aew

Table 1. KCNQ4 mutations found in this study together with previously reported mutations.

Functional Prediction

Amino Acid ; ; " Alleles in ; ' Mut “Study  No of
Nucleotide Change Change . Exon - Position. . “Control ChrSIFT .~ P2D.S, PhyloP. LRT - Taster .~ GERP+H location . Fm. °* Reference © - .
€.211_223del13 p. Q71fs 1 N-term cyto ? ~ - - - - - Belgium 1 Coucke, et al. (1999)
c211delC p.Q7Ifs A N-term cyto o252 e - = - - - Japan 14 Kamada, et al. (2006),
! : ! . “ SR : : ; : ; © This report
* ¢,.229_230insGC p.H77fs 1 N-term 0/252 ~ - - - - - Japan 1 This report
cyto
€546C>G. pFIg2L. 4 . S3tans 0/100,1/252  T(000) B (001)  C(097) N (0.999853). . ' D(0:88) 343 Taiwan, 3 Su, et al. (2007), This
) : - e : Japan report - - :
c.664_681del18 p.G215_220del6 4 $4-S5 linker 0/100 - - - - - - Korea 1 Baek, et al. (2010}
* ¢ 68B9T>A §AV2BOE k 4 54-S5 0/252' D:{1.00) D (0.97) - € (0.99) D (0,999999} - D {0.99) - 4.61 ©Japan 1 This report -
S S linker . I - S ’ i ; R
c.725G>A p.W241X 5 S5 trans 0/100 - - - - - - USA 1 Hildebrand, et al.
(2008)
C778G>A ~p.E260K 5o S5 trans 10/100 D (100} D.(0.99)C (0.99): D (1:00) D (0.99) . 473 USA 1 _Hildebrand, et al.
: : ‘ g , : . : (2008)
c.785A>T p.D262V 5 S5 trans 0/100 D (1.00) D (099 C(0.99) D (1.00) D (099) 473 USA 1 Hildebrand, et al.
(2008)
c821T>A pL274H 5. PR (P) 70 <D (1.00)7 - D.(0.99) € (0.99) - D:{1.00) - - D(1,00) 473 Neth 2 Van Hauwe, et al.
: - ; e : (2000), De Heer, et al.
: : ) : 2011) .
c.827G>C p.W2765 5 PR (P) 0/252 D(1.00) D{1.00) C{099 D (1.00) D (1.00) 473 Neth, Japan 4 Coucke, et al. {1999),
Akita et al. (2001), Van
Camp, et al. (2002),
Topsakal, et al. (2005)
c842T>C plL2sls 6 PR (P) - 0/96 CD{100) Pr{0.84) C(099)  D100). - D(100) 514 USA 1. Telebizadeh, et al.

; o : S L . - sl : C{1999) ;
c853G>T p.G285C 6 PR (P} ? D (1.00) D (1.00) C{099 D (0.999999) D (1.00) 514 USA 1 Coucke, et al. (1999)
€853G>A" p.G285S 6 PR (P) .0/150 D (1.00) D (0.99) C(0.99): D (0.999999) D (1.00) 514 France 1 Kubisch, et al. (1999)
€.859G>C p.G287R 6 PR (P) 0/274 D (1.00) D(0.99) (C (099 D (1.00) D (1.00) 5.14 USA 1 Amett, et al. (2011)

* C.871C>T p.P291S 6 PR (P) 0/252 D (1.00) ‘D {1.00). € (0.99) D (1.00) D (1.00). 5.14 Japan 1 This report.

* .872C>T p.P291L 6 PR (P) 0/252 D (1.00) D (1.00) C (0.99) D (1.00) D (1.00) 5.14 Japan 1 This report
<.886G>A p‘GZQGS 6 PR 0/100 D (0.99) . D ©97) C(0.99 D(1.00) D (0.99). 514 Spain “1 Mencia, et al. (2008) .
* ¢.891G>T p.R2975 6 $6 trans 0/252 D (1.00) D (0.99) C (0.99) D (1.00) D (0.95) 3.89 Japan 1 This report
€961G>A . pG321S 7 S6 trans ? D (0.99) - Po{031) -C(099) -D(1.00): D (0.99) . 492 Neth 1 Coucke, et al. (1999)

SIFT, Polyphen-2, PhyloP, LRT, Mutation Taster, and GERP+-+ are functional prediction scores in which increasing values indicate a probable mutation.

Abbreviations: Chr, chromosomes; P2, PolyPhen2; MutTaser, Mutation Taser; Fm, family; cyto, cytoplasmic; trans, transmembrane; PR, Pore region; (P), P-loop; T, tolerated; D, damaging or deleterious; B, benign; Pr, probably
damaging; Po, possibly damaging; C, conserved; N, neutral. Neth, Netherlands; ¥, Novel mutations found in this study.
doi:10.1371/journal.pone.0063231.t001
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Figure 1. Localization of 20 KCNQ4 mutations reported in previous studies in the protein. The 6 transmembrane domains (S1-56) and the
P-loop, located between S5 and S6, are shown. 5 mutations are concentrated in a narrow P-loop range. Mutations with pink and blue shadows;
possible mutations detected in this study. Blue indicates novel mutations. Original schema is modified from Mencia A (2008) {14].
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from 3 to 40 ycars old, though the majority became aware when in
their teens or younger. Most patients had associated tinnitus, but
no vestibular symptoms except in a few cases.

Genotype/phenotype correlations

Concerning type of hearing loss, there were some correlations
between genotype and phenotype (audiogram configuration). A
variant at the N-terminal site (c. 211delC) showed ski-slope type
configuration of audiogram with usually nearly normal hearing at
1251000 Hz. We found this mutation in 20 patients from 13
families and their overlapped audiogram confirmed a similar
configuration (Fig. 3). Onset age was from 10 to 40 years old, with
most being in theirs teens and hearing loss was gradually
progressive with age (Fig. 3, Table 2). The patients who had a
variant in the P-loop region (W276S, P291L, P2918) also had high
frequency involved hearing loss, but with some deterioration in the
lower frequencies as well (Fig. 3). Most of the patients had earlier
onset compared to the former phenotype and a progressive nature
(Fig. 3, Table 2). The third audiogram configuration was mid-
frequency involved hearing loss found in a family with a variant in
the 5453 linker region (V230E) (Fig. 3). In most family members,
onsct was before age ten and gradually progressive (Fig. 3,
Table 2). Overlapped audiograms were made for three mutations
(W2768S, ¢.211delC, V230E) for which there was a large enough
number of patients to be analyzed (Fig. 3).

Therapeutic intervention

Sufficient amplification of hearing aids was obtained in all
patients, and no patients received cochlear implantation. An

PLOS ONE | www.plosone.org

affected subject with W276S (Family-Patient No. 16-2 in Table 2)
had used a hearing aid from age 29. Similarly, affected subjects
with P291L (Family-Patient No. 18~1) and V230E (Family-Padent
No. 15-2) had used hearing aids. None of the affected subjects
with ¢.211delC had a history of hearing aid usage.

Progression analysis

Detailed progression analysis in cach frequency showed cach
affected member’s age and their pure tone thresholds for 125, 250,
500, 1000, 2000, 4000, 8000 Hz, respectively (Fig. 4). Linear
regression lines calculated by the plots are shown in the graph.
Regarding the average progressive rates of hearing loss (db/year)
for the patients with ¢.211delC, 125 (0.15) and 250 Hz (0.078)
were shown to be significantly stable compared to the other two
mutations (ANCOVA: p<<0.03). They exhibited milder hearing
loss at 500 and ! KHz (ANCOVA: p<0.05). In contrast, at
4 Ktz and 8 KHz, the patients with V230E mutations showed
milder hearing loss compared t the other two mutations
(ANCOVA: p<0.05).

Discussion

In this study, we have conducted a comprehensive genetic
screening of KCNQ4 using a large cohort of Japanese ADNSHL
patients to establish the mutation spectrum. The KCNQ4
mutations found in this study together with previously reported
mutations (summarized in Table 1) represent an up-dated
mutation spectrum for this gene. For missense mutations, we
have gone through all reported missense mutations by computer
analysis programs, SIFT and PolyPhen2, to predict the effect of

May 2013 | Volume 8 | Issue 5 | e63231
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Distance from Fm1 Fm2 Fm 5 Fm 10 Fm 11 Fm 13

the c.211delC =212 Bau Mo Son Mo Son gM Mo gM Mo Son Dau Allele frequency Marker
muaion ®) ) (1) 1) ) B B B @ H B ¢ ¢

490912 C 080 T 020 rs10489431
468938 C 047 T 053 rs1846158
441312 T 031 A 069 rs12088482
422378 A 027 G 073 rs3013462
372705 G 068 A 032 rs16827291
339980 G 076 C 024 rs10489433
333758 T 044 C 056 5209607
333573 G 089 A 011 rs2076493
285371 C 048 G 052 rs12034162
215165 T 044 C 056 rs4660167
207908 G 041 A 059 rs4660436
201218 T 036 C 064 rs12128397
174767 G 059 A 041 rs500586
173410 G 056 A 044 rs12217146
168622 G 060 C 040 rs504242
151498 T 061 C 039 rs542214
140107 C 062 T 038 rs7520394
9505 A 042 T 058 rsB23674
6548 T 039 C 061 rs1327887
3196 G 063 A 037 rs12405252
2353 T 070 C 030 rs17361386
0 -« -« c211delC
17282 C 023 T 077 rsd660464
20187 T 087 A 013 rs12408769
25343 G 070 C 030 rs878043
34533 G 058 C 042 rs2361658
41555 A 050 G 050 rs3767942
43025 G 076 A 024 rs6697721
43513 T 073 C 027 rs3767944
43673 C 079 T 021 rsd660176
58166 C 023 T 077 rs1576122
58742 A 064 G 036 rs4660472
61431 C 033 A 067 rs4534368
65688 C 037 T 063 rs11208014
68464 A 046 G 055 rs4660473
73906 C 021 T 080 rs913382
75825 G 047 A 053 rs11209041
101565 T 060 A 040 rs6700929
121363 T 052 C 048 rs6684543
122261 C 068 T 032 rs11200145
233975 G 077 C 023 rs11209361
237645 A 086 C 0.4 rs6674450
250602 A 084 T 016 rs11580656
274693 G 009 A 091 rsd660500
322363 G 043 T 057 rs548007
334776 G 084 A 016 rs2284802
369918 A 023 G 077 rs213744
487513 C 048 T 052 rs11209779
503189 G 073 A 027 rs12029950

*Fm (n), Family number (n); Mo, Mother; Fa, Father; Dau, Daughter, g. M, grand mother,
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