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

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

in an arginine-to-tryptophan substitution at codon 143 (R143W) and
heterozygosity for R859P mutation of WFSI. Individual IV-1 had
normal hearing and just heterozygosity for the R143W mutation of
GSB2. Individual I1I-2 had normal hearing and no mutations of GJB2
and WFS1. Individual III-5 was 34 years old, and had moderate
sensorineural hearing impairment at all frequency levels (Fig. 3B).
Sequencing of G/B2 and WFS1 revealed compound heterozygosity for
the V371 and R143W mutation of G/B2 and heterozygosity for R859P
mutation of WES1. Individual 11-5 was 61 years old, and had moderate
hearing loss gently sloping (Fig. 3C). Sequencing of G/B2 and WFS1
revealed homozygosity for the V371 mutation of GJB2, but not WFS1
mutations. Individual II-11 had normal hearing and heterozygosity
for the R143W mutation of GJB2.

4. Discussion

We found a family who has both a GJB2 mutation and a WFS1
mutation. The individuals who have heterozygosity of GJB2 mutations
and heterozygosity of WFS1 mutations show low-frequency hearing
loss. On the other hand, flat loss configuration was found in the
individual who has compound heterozygosity of GJB2 mutation and
WEFS1 mutation, and gradual high tone loss was seen in the individual

who has homozygosity of GJB2 mutation without WFST mutations.
According to our results, the individual who has both G/B2 and WFS1
mutations shows the GJB2 phenotype. We should think about the
effect of age modifying the hearing phenotype. However, the hearing
impairments of [1I-5, 34 years old woman, andIl-5, 61 years old man,
are much worse at all frequencies than 1SO 7029 norms, which were
applied to establish 95th percentile threshold values for presbyacusis
at each frequency in relation to the patient's age and sex (ISO
7029-2000 [ISO, 2000}).

Both V371 and R143W mutations in GJB2 are non-inactivating
mutations (Snoeckx et al, 2005). It has been reported that non-
inactivating mutations of GJB2 show less severe hearing impairment
than inactivating mutations (Angeli, 2008; Cryns et al., 2004). As in
this report, both homozygosity of V37 mutation and compound
heterozygosity of V371 and R143W mutations show moderate hearing
impairment, even if they are comorbid with WFS1 mutation.

Both parents of subject 1lI-5 had no WFST mutations, indicating
that heterozygosity for R859P mutation of WFS1 of individual IlI-5 is a
new mutation. R859P mutation of WFSThas been previously reported
in one large family from the United States (Gurtler et al., 2005). A
missense mutation at ¢.2576G>C results in an amino acid substitu-
tion, p.R859P, in a highly conserved area across human, mouse, and
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Fig. 3. Representative audiograms of individual V-2 (A), individual 1iI-5 (B}, and
individual II-5 (C) showing pure-tone audiometry results for air conduction bilaterally.
Circles, air conduction right ear; crosses, air conduction left ear. Severe reverse-siope
loss is seen in IV-2, whereas moderate flat hearing loss in IlI-5 and moderate hearing
loss with mild ski-slope type inll-5.

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

In conclusion, we have reported on a family which has comorbid
mutations of GJB2 and WFST mutations, including one individual who
has both GJB2 and WFST mutations and shows a G/B2 phenotype. We
should think about the possibility of comorbid gene mutation for
hearing impairment. It is worth noting that more than 2 genetic
mutations responsible for deafness can occur in one individual, and
that the hearing characteristics of phenotype help us to speculate on
molecular functions in the cochlea.
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Spiral ligament fibrocytes (SLFs) play an important role
in normal hearing as well as in several types of sensori-
neural hearing loss attributable to inner ear homeosta-
sis disorders. Our previous study showed that trans-
plantation of mesenchymal stem cells (MSCs) into the
inner ear of rats with damaged SLFs significantly accel-
erates hearing recovery compared with rats without
MSC transplantation. To elucidate this mechanism of
SLF repair and to determine the contribution of trans-
planted MSCs in this model, we investigated the mutual
effects on differentiation and proliferation between
MSCs and SLFs in a coculture system. Factors
secreted by SLFs had the ability to promote the trans-
differentiation of MSCs into SLF-like cells, and the fac-
tors secreted by MSCs had a stimulatory effect on the
proliferation of SLFs. Cytokine antibody array analysis
revealed the involvement of transforming growth factor-
B (TGF-B) in SLF proliferation induced by MSCs. In
addition, a TGF-B inhibitor reduced SLF proliferation
induced by MSC stimulation. Our results suggest that
there are two mechanisms of hearing recovery following
transplantation of MSCs into the inner ear: 1) MSCs
transdifferentiate into SLF-like cells that compensate
for lost SLFs, and 2) transplanted MSCs stimulate the
regeneration of host SLFs. Both mechanisms contribute
to the functional recovery of the damaged SLF
network. © 2012 Wiley Periodicals, Inc.

Key words: mesenchymal stem cells; spiral ligament
fibrocytes; transplantation

Mammalian cochlear fibrocytes of the mesenchymal
nonsensory regions play an important role in the cochlear
physiology of hearing, including the transport of potas-
sium ions to generate an endocochlear potential in the
endolymph that is essential for the transduction of sound
by hair cells (Weber et al., 2001; Wangemann, 2002; Del-
prat et al., 2005). Recent studies have also highlighted the
importance of these fibrocytes in the spiral ligament (SL)
in the pathogenesis of sensorineural hearing loss. Several
studies have indicated the involvement of SL degeneration
in the mechanism of hearing loss that is due to aging

© 2012 Wiley Periodicals, Inc.

(Hequembourg and Liberman, 2001; Spicer and Schulte,
2002), excessive noise (Hirose and Liberman, 2003), or
genetic mutations (Minowa et al., 1999).

The spiral ligament fibrocytes (SLFs) are divided
into types I-V based on their structural features, immu-
nostaining patterns, and general location (Spicer and
Schulte, 1996). In contrast to sensory cells, SLFs are able
to repopulate themselves after noise or drug exposure in
the mammalian inner ear (Roberson and Rubel, 1994;
Hirose and Liberman, 2003; Lang et al., 2003). We pre-
viously developed a rat model of acute sensorineural
hearing loss attributable to the dysfunction of SLFs
induced by a mitochondrial toxin, 3-nitropropionic acid
(3NP; Hoya et al., 2004; Okamoto et al., 2005; Kamiya
et al., 2007; Mizutari et al., 2011). The main cause of
hearing loss in this model is apoptosis of SLFs, without any
changes in the organ of Corti. In addition, hearing recov-
ery that occurs after 3NP exposure is accompanied by the
regeneration of SLFs (Kamiya et al., 2007; Mizutari et al.,
2011). The reconstruction of the potassium recycling route
by SLF regeneration might lead to normalization of the
endocochlear potential and hearing recovery.

After mesenchymal stem cells (MSCs) are trans-
planted into the inner ear of 3NP-treated rats, some of
these stem cells are detected in the injured area of the
SL, which correlates with a significantly greater hearing
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recovery than occurs in control animals. The trans-
planted MSCs in the SL also express gap junction pro-
teins between neighboring cells (Kamiya et al., 2007).
The number of transplanted MSCs detected in the SL
did, however, lead us to question whether those MSCs
are sufficient for the supplementation of lost SLFs. To
elucidate the mechanism of hearing recovery by MSC
transplantation, we investigated the interaction between
MSCs and SLFs as well as possible signaling mechanisms
that may be involved in this interaction.

MATERIALS AND METHODS
Composition of Media and Growth Factors

Minimum essential medium (MEM) and RPMI 1640
supplemented with 9% fetal calf serum (FCS) were obtained
from Invitrogen (Carlsbad, CA). Recombinant human trans-
forming growth factor-B1 (TGF-B1) and TGF-B3 (R&D Sys-
tems, Minneapolis, MN) were used at a final concentration of
10 ng/ml. SB-431542 (Sigma-Aldrich, St. Louis, MO) and
SU4984 (Calbiochem, Ober der Roth, Germany) were each
added to cells at a concentration of 10 uM.

Antibodies

The antibodies used in this study are as follows: Na™/
K*-ATPase -1 and Na*/K"-ATPase B-1 (Santa Cruz Bio-
technology, Santa Cruz, CA); Na-K-2Cl cotransporter
(NKCC1; ARP, Belmont, MA); connexin 31 (Cx31; Zymed,
Carlsbad, CA); vimentin and aquaporin 1 (Abcam, Cambridge,
MA); S-100 (Sigma-Aldrich); CD16/32, CD45, CD44, mouse
IgG2a isotype control, and mouse IgG2b isotype control (eBio-
science, San Diego, CA); and CD29, CD49%, and streptavidin-
fluorescein isothiocyanate (BD Pharmingen, San Diego, CA).
The appropriate species-specific antibodies conjugated to either
Alexa Fluor 488 or Alexa Fluor 568 (1:500; Molecular Probes,
Eugene, OR) were used as secondary antibodies.

Cell Culture

Male C3H/HeJJcl mice (6 weeks old and postnatal day
[P] 0) were used in the present study. All experiments were
conducted in accordance with the guidelines of the National
Institutes of Health and the Declaration of Helsinki. After
anesthetization with xylazine (15 mg/kg, i.p.) and ketamine
(80 mg/kg, i.p.), the mice were sacrificed. The inner ears
were harvested rapidly, and the SLs from two ears were dis-
sected at 4°C under aseptic conditions. The stria vascularis
was carefully removed from the SLs using tweezers. The
entire SL segment was collected and minced into small pieces
with corneal scissors. The minced pieces were placed in type [
collagen-coated Petri dishes (BD Pharmingen) in MEM sup-
plemented with 9% FCS. The dish was kept in an incubator
(37°C; 5% CO,, 95% air) with maximum humidity, and the
culture medium was changed every 3 days. Cells from passages
2—4 were stored with Cell Banker reagent (Juji Field, Tokyo,
Japan) at —80°C.

We prepared MSCs as described by Islam et al. (2006).
Briefly, to initiate the MSC cultures, bone marrow cells from
C3H/He]JJcl mice were plated in tissue culture dishes and
kept in a humidified incubator with 5% CO, at 37°C for

72 hr, at which point nonadherent cells were removed by
changing the medium. The primary culture was then trypsi-
nized and passaged to a new culture dish with a split ratio of
1:2. Subsequent passages were done when the culture
approached confluence. Cells from passages 5-10 were used
for the present investigation.

Culture medium from MSCs or SLFs was filtered with
a 0.22-um syringe filter (Millipore, Billerica, MA) to remove
cells and was then used as conditioned medium. The condi-
tioned medium was added to cells at a 1:1 (vol/vol) ratio with
standard medium. For effects on cell cultures, MSCs and SLFs
were plated on Petri dishes with standard medium for 3 days
and then cultured with conditioned medium.

Flow Cytometry

Cells were incubated with antibodies for 30 min on ice
and then centrifuged at 200g for 5 min. The antibody solution
was removed, and cells were resuspended in ice-cold Hank's
medium (Invitrogen) containing 2 pg/ml propidium iodide
(Sigma-Aldrich) to distinguish between dead and living cells.
The surface markers expressed on these cells were then ana-
lyzed by flow cytometry (Epics Altra with HyPerSort cell
sorting system; Beckman Coulter, Fullerton, CA).

Immunocytochemical Staining

SLFs and MSCs placed on the Lab-Tek Chamber Slide
System (Nunc, Rochester, NY) or in BD Falcon Cell Culture
flasks (BD Pharmingen) were cultured with or without condi-
tioned medium. Cultured cells were fixed in 4% paraformal-
dehyde (PFA). For the cells cultured in flasks, fixed cells were
attached to slides with the cytospin method. Incubation with
primary and secondary antibodies was carried out in phos-
phate-buffered saline (PBS) containing 1% normal goat serum
(Sigma-Aldrich) overnight at 4°C or for 1 hr at room temper-
ature. For negative controls, the primary antibody was omit-
ted. Nuclear staining was performed with 4’'6-diamidino-2-
phenylindole dihydrochloride (DAPI; Sigma-Aldrich). The
specimens were viewed with a laboratory microscope (DM
2500; Leica, Houston, TX).

Immunocytochemistry of Tissue Sections

Inner ears were isolated from male C3H/He]Jcl mice.
Paraffin-embedded temporal bone blocks were sectioned hori-
zontally at 5 pum. After deparaffinization, the sections were
blocked with 10% normal goat serum (Sigma-Aldrich) diluted
in 0.01 M PBS for 1 hr at room temperature. Incubation with
primary and secondary antibodies was carried out in PBS con-
taining 1% normal goat serum overnight at 4°C or for 1 hr at
room temperature. For negative controls, the primary anti-
body was omitted. Nuclear staining was performed with
DAPI. The appropriate species-specific antibodies conjugated
to either Alexa Fluor 488 or Alexa Fluor 568 were used as
secondary antibodies. The specimens were viewed with the
DM 2500 microscope (Leica, Houston, TX).

DNA Arrays
The following cells were compared: 1) untreated MSCs
(control) and MSCs cultured for 1 week with conditioned
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Fig. 1. Lateral wall from the middle turn of a C3H/HeJJcl mouse
cochlea. A—C: Sections stained for S-100 (A), Na"/KT-ATPase al
(A,B), NKCC1 (B), and aquaporin 1 (C) are shown. Type I fibrocytes
of the SL were positive for S-100. Txpc II and type V fibrocytes also
stained with antibodies to S-100, Na™ /K™ -ATPase a1, and NKCC1;

medium from SLFs and 2) untreated SLFs (control) and SLFs
cultured for 1 week with conditioned medium from MSCs (n
= 1). Isolation of RINA, hybridization, and ¢cDNA array anal-
yses were performed by Filgen (Agilent Technologies Inc.,
Tokyo, Japan) using OpArray mouse v4.0 (Filgen). The
Microarray Data Analysis Tool, version 1.5 (Filgen), was used
to quantify signal intensities. As per the manufacturer’s
instructions (Filgen), changes in mRINA expression were con-
sidered meaningful if there was a greater than twofold change
relative to the control values. Data were analyzed using
Microarray Data Analysis Tool, version 3.2 (Filgen).

Cytokine Antibody Arrays

When MSCs were nearly confluent, they were cultured
in RPMI 1640 with 0.2% FCS for 24 hr. The medium was
harvested and filtered with a 0.22-pm syringe filter to remove
cell debris (n = 1). Cytokine antibody array analyses were
performed by Filgen using a RayBio biotin label-based mouse
cytokine antibody array (L-308; RayBiotech, Norcross, GA).
The quantified secretion of each cytokine was compared as a
ratio using Microarray Data Analysis Tool, version 1.5. Changes
in cytokine secretion were considered meaningful if there was a
greater than twofold change relative to the control values.

Statistical Analysis

All statistical analyses were performed using a one-way
analysis of variance. OriginPro 7.5 (OriginLab, Northampton,
MA) was used for comparisons between experimental groups
and control groups. P < 0.01 was considered significant.

RESULTS

Histological Observations

The staining pattern of cells that make up the
cochlea from a 6-week-old C3H/HeJJcl mouse is shown
in Figure 1. Type I SLFs, which are found lateral to the
stria vascularis (Takahashi and Kimura, 1970), showed

Journal of Neuroscience Reesearch

however, they were distinguishable from type IV fibrocytes by their
positive staining for S-100 and Na*/K*-ATPase al. Type III fibro-
cytes were positive for aquaporin 1 (C). D: Illustration of the lateral
wall region shown in A-C, with the fibrocyte populations indicated.
BM, basilar membrane; StV, stria vascularis. Scale bar = 50 pm.

TABLE I. Immunohistochemical Profile of SLF Types in
C3H/HeJJcl Mice

Antigen Type 1 Type II/V Type III Type IV
5-100 e + o o
Na*/K*-ATPase al = + - -
NKCC1 == + = +
Aquaporin 1 = = + =

positive immunological staining for S-100 (Fig. 1A).
These fibrocytes did not show staining for Na /K*-
ATPase al (Fig. 1A,B) or NKCC1 (Fig. 1B). Type II
fibrocytes, which are located lateral to the spiral promi-
nence (Takahashi and Kimura, 1970), and type V fibro-
cytes, which are equivalent to the type II fibrocytes in
the suprastrial region (Spicer and Schulte, 1996), were
positive for Na /K'-ATPase ol (Fig. 1A,B) and
NKCC1 (Fig. 1B) staining. Type II and type V fibro-
cytes were also positive for S-100 staining (Fig. 1A).
Aquaporin 1 staining was detected on type III fibrocytes
only (Fig. 1C), which are found adjacent to the bone in
the inferior region of the SL (Spicer and Schulte, 1991).
Type IV fibrocytes, which are located inferior to the
basilar membrane (Spicer and Schulte, 1991), were dis-
tinguishable from type II fibrocytes because they were
positive for NKCC1 and negative for Na* /K" -ATPase
al and S-100 staining in these mice (Fig. 1A,B). The
immunohistochemical profile of SLFs is shown in Table
I. Each type of SLF could be distinguished based on its
pattern of antibody staining.

Observations of the Growth and Differentiation of
Cultured SLFs

The first signs of growth in the SL explants were
observed within 24—48 hr. Cell expansion was observed
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Fig. 2. Pure cultures of postnatal mice SLFs were obtained and stably
maintained in vitro. A: Primary culture of SLFs after 21 days in cul-
ture. Spindle-shaped cells extending from the edges of the explant
(asterisk) were observed. B: Cells that had been passaged one time
with homogenous morphology. The expression of each type-specific

set of SLF markers was detected in cultured SLFs. C-E: Na™* /K-
ATPase al (type II), NKCC1 (type II and IV), S-100 (type I and
II), aquaporin 1 (type III). Scale bars = 50 um in A (applies to A,B);
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Fig. 3. Characterization of MSCs. MSCs at passages 5 and 10 were positive for CD29, CD44, and
CD49e staining and were negative for CD45 staining. Open areas show the percentages of positive
cells; shaded areas show cells treated with isotope antibodies.

initially as spindle-shaped cells extending from the edges
of the explants (Fig. 2A). The primary culture was sub-
cultured at 21 days. Spindle-shaped cells having large
nuclei and cytoplasmic regions with slender, irregular
processes were observed (Fig. 2B). The morphological
characteristics of the subculture were consistent with
previous studies (Gratton et al, 1996; Suko et al.,
2000). The number of SLFs significantly increased in
the adherent culture (by ~ 376-fold after 21 days in
culture; see Fig. 4F). Type I SLFs were positive for S-
100 staining but negative for Na*/K"-ATPase al and
NKC C1 staining. Type II SLFs were positive for Na S
K*-ATPase a1, NKCC1, and S-100 staining. Type III
SLFs were positive for aquaporin 1 staining only,
whereas type IV SLFs were positive for NKCC1 stain-
ing (Fig. 2C-E, Table I). These results suggested that
this culture system included all types of SLFs. Most of
the cells in this culture system were type II (34.06%)
and type IV (62.64%) fibrocytes. The percentages of
type I and type III fibrocytes were 2.2% and 13.2%,
respectively.

Characterization of MSCs

MSC cells from passages 5 and 10 were used for
investigation of cell surface markers. Flow cytometry
analysis indicated that these MSCs were positive for
CD29, CD44, and CD49e staining but were negative
for CD45 staining (Fig. 3) before transplantation, which

is similar to previously isolated murine MSCs (Islam
et al., 2006).

Effects of MSC Culture Supernatants on SLFs

Next, the effect of molecules secreted by MSCs
on SLFs was investigated. The addition of culture
supernatants from MSCs markedly stimulated the prolif-
eration of SLFs (twofold) after 21 days in vitro (Fig.
4F). To ascertain whether the cellular characteristics
were affected by the molecules secreted by MSCs, we
checked the expression of SLF markers on those cells.
Previous studies have indicated that the fibrocyte popu-
lations that are most likely to show degeneration in the
damaged cochlea are the type II and IV fibrocytes
(Kamiya et al., 2007). Thus we focused here on investi-
gating the expression of type II and IV markers. Immu-
nostaining showed that the expression of SLF type
markers decreased, whereas the percentage of vimentin-
positive cells increased, in SLFs cultured with MSC
conditioned medium compared with the expression in
SLFs cultured without the conditioned medium (Fig.
4A,B,E). Vimentin is a marker of mesenchymal cells
and is detected in the mesenchyme-derived tissue of the
inner ear (Kuijpers et al.,, 1992). Increases in vimentin
synthesis are associated with rapidly growing cells (Ben-
zeev, 1985). In our study, vimentin immunoreactivity
was observed in almost all SLFs in PO C3H/HeJJcl
mice (Fig. 4C), whereas no NKCC1 was detected (data
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Fig. 4. Characteristics of SLFs cultured with or without culture
supernatants from MSCs for 21 days. Vimentin expression increased
in SLFs in culture in the presence of MSC conditioned medium (B)
but not in its absence (A). C: In PO C3H/HeJJcl mice, strong
vimentin immunoreactivity was observed in fibrocytes of the SL. D:
At 6 weeks after birth, vimentin expression was restricted to a sub-
group of the SLFs. E: Expression of vimentin in SLFs in the absence

not shown). At 6 weeks after birth, vimentin expression
was restricted to a subpopulation of SLFs (Fig. 4D).
Our results suggest that factors in the supernatants of
MSCs grown in culture have the ability to stimulate
the proliferation of SLFs and that a high proportion of
these proliferating SLFs has marker expression features
that are similar to those of SLFs early in postnatal de-
velopment.

Effects of SLF Culture Supernatants on MSCs

To investigate whether SLF conditioned medium
has effects on the proliferation and differentiation of
MSCs, MSCs were cultured with or without condi-
tioned medium. In the initial cultures, no MSCs were
positive for Na™ /K" -ATPase B1 (Fig. 5A) or NKCC1
(data not shown) expression, both of which are type II
and IV SLF marker proteins (Schulte and Steel, 1994).
Aftcr the culture, although MSC-derived cells expressed
Na'/K*-ATPase B1 spontaneously, the addition of SLF
condmcncd medium increased the expression of Na'/
K*-ATPase B1 (Fig. 5B) compared with MSC cultures
without the conditioned medium (Fig. 5E; P < 0.05).
Some MSC-derived cells were also positive for NKCC1
expression (Fig. 5C). No cells that were positive for S-
100 expression were detected in the initial MSC cultures
(data not shown). With culture on collagen-coated
dishes at a low density, S-100-positive cells were, how-
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ever, detected (data not shown). The proportion of S-
100-positive cells was not affected by the addition of
SLF conditioned medium (Fig. 5D; 62.4% vs. 69.72%,
14 days in vitro).

We also examined the effects of conditioned
medium from SLFs on MSC proliferation. The total
number of cells obtained after the addition of SLF
conditioned medium was similar to that obtained with
standard medium (Fig. 5F; P = 0.718). Our results sug-
gest that the factors secreted by SLFs promote MSC
transdifferentiation into SLF-like cells but do not affect
MSC proliferation.

Cell Microarray Analysis and Cell Proliferation
Assay

To investigate the underlying cellular and molecu-
lar differences between the cells cultured in standard me-
dium and those cultured with conditioned medium, we
performed a gene expression analysis on both MSCs and
SLFs using the OpArray mouse v4.0 array. Significant
changes in gene expression were filtered according to
the background expression of individual genes and at
least a twofold difference in expression between the sam-
ples and controls. Detailed examination of the biological
functions of differentially expressed genes between
MSCs with or without SLF conditioned medium
revealed genes related to stem cell development, the
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collagen-coated dishes, the addition of SLF conditioned medium
(with SLF) increased the expression of Na*/K*-ATPase B1 (B,E)
compared with cultures without conditioned medium (E; **P <
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0.05). C,D: Furthermore, cells that were positive for the expression
of NKCC1 (C) and S-100 (D) were detected in MSCs cultured with
SLF conditioned medium. F: Conversely, culture supernatants from
SLFs had no effect on promoting the proliferations of MSCs. The
percentage of the cells in each bar chart indicates the mean * SD of
three independent experiments. Nuclei were stained with DAPI
(blue). Scale bars = 50 pm.

TABLE III. Genes Differentially Expressed Between SLFs
Cultured With and Without MSC Conditioned Medium

Increased by more  Decreased by more

Category than twofold than twofold
Stem cell Tfrc, Tnfrsf12a, Ednrb, Wif1, Asd1, Ibsp,
development Nream, Hells, Myod1, Coldaé6,

Crem1, Sle2al,
Cena2, S100a4,
Angptl, Mmp14
Pitx2, Wnt8a
Nek2, Cena2, Maon3
Hmox1, Tnfrsf12a,
Hells, Lhx4

Wnt pathway
Cell cycle
Apoptosis

Thbs1, Prok2, Mmp13,
phex, Miss1

Wif1

Tip63

Myod1, Trp63, Gadd45b,
Thbs1, Prok2, Dffb

Category than twofold than twofold
Extracellular matrix Spp1, Tafbi Mmp11, Thbs1
and adhesion molecules
Wnt pathway Wisp2
Notch pathway Dtx3, Gli2
TGEF-B, BMP pathway Tgfbi
Apoptosis Prtgl, Lhx4, Thhs1
Atf5, Cyp2c38
Growth factors Spp1

Cytokine and inflammatory

Spp1, Atf3, tgfbi, Ifit

Whnt pathway, the cell cycle, and apoptosis (Table II). In
contrast, between SLFs cultured with or without MSC
conditioned medium, genes involved in extracellular ma-
trix and adhesion molecules, apoptosis, and cytokine and
inflammatory responses as well as key determinants of
cell fate (Wnt pathway, Notch pathway, and TGF-B
pathway) were significantly different (Table III).
Furthermore, by using an array that focuses on
mouse cytokines, we investigated factors secreted by
MSCs. Ten factors were increased more than twofold in
MSC conditioned medium compared with the medium
in which no cells were cultured. The biological func-
tions of those cytokines are related to apoptosis, the
inflammatory response, and cell proliferation (data not
shown). One of the secreted cytokines was TGF-3,
which is involved in cell proliferation (Huang and

responses

Huang, 2005). To determine the TGF-B responsible
for regulating SLF proliferation, SB-431542, a specific
inhibitor of the TGF-B type I receptor (TbRI;
Laping et al., 2002), was added to MSC conditioned
medium. SB-431542 partially inhibited SLF prolifera-
tion that was induced by MSC conditioned medium
(Fig. 4G).

FGF2, which is also secreted by MSCs (Dormady
et al., 2001; Sensebe et al., 1997), was not included in
the cytokine array that we used in this study. Because
FGF2 and its receptor, FGF-receptor 1 (FGFR1), are
expressed at high levels in the lateral wall of postnatal
mouse (Pickles, 2001), we also added the FGFR1 inhibi-
tor SU4984 (Mohammadi et al., 1997) to MSC condi-
tioned medium. This inhibitor did not, however, have

Journal of Neuroscience Research

211



an effect on SLF proliferation in the presence of MSC
conditioned medium (Fig. 4G).

DISCUSSION

Inner ear cell culture has been successfully reported
in epithelial (Rarey and Patterson, 1989; Achouche
et al., 1991; Melichar and Gitter, 1992) and endothelial
(Bowman et al., 1985) cells. Recently, cell culture of
SLFs has also been established and characterized for type
I SLFs in gerbils (Gratton et al, 1996), mice (Suko
et al., 2000), and rats (Yian et al., 2006). To date, how-
ever, there are no reports on the successful establishment
of a concurrent culture of all types of SLFs, which more
closely mimics the in vivo condition. In the present
study, we attempted to establish such an SLF culture sys-
tem using isolated cells from mice. Our cultured cells
contained spindle-shaped cells, which are morphologi-
cally compatible with fibrocytes, and immunocytochemi-
cal analysis detected the markers of all four types of
SLFs. This novel SLF culture system, which more
closely mimics conditions in vivo, may be especially use-
ful in elucidating the effects of a specific condition on
the cochlear ion homeostasis.

Many factors are known to affect the differentiation
of MSCs. These include soluble growth factors and cyto-
kines (Otto and Lane, 2005; Bowers and Lane, 2007),
mechanical stimuli (Lee et al., 2007), surface properties
(Guo et al., 2008), and culture conditions (Song et al.,
2007). Cell density has been reported to affect cell func-
tions such as proliferation and differentiation (Bitar et al.,
2008; Neuhuber et al., 2008). McBeath et al. (2004) have
reported that human MSCs plated at lower density are
more likely to become osteoblasts, whereas cells plated at
higher density are more likely to become adipocytes. In
the present study, MSCs did not express markers for SLFs
under routine culture conditions. When MSCs were
plated on collagen-coated dishes at a lower density, how-
ever, a small subgroup of MSCs differentiated into SLF-
like cells spontaneously. The collagen coating was likely
to have affected MSC differentiation into SLF-like cells,
because the SL is made up of fibrocytes embedded in col-
lagen fibrils (Tsuprun and Santi, 1999). Our results also
showed that factors secreted by SLFs had the ability to
promote MSCs to differentiate into SLF-like cells with no
effects on their proliferation. In stem cells or progenitor
cells, inhibition of proliferation induces differentiation
(Hirose et al., 2006; Jung et al., 2008). Therefore, the
lower proliferation of MSCs cultured with SLF condi-
tioned medium may also explain the increase in MSC dif-
ferentiation into SLF-like cells. The DNA array results
showed several genes that were highly expressed in MSCs
cultured with SLF conditioned medium. One of these
factors, Whté8a, is expressed in thombomere 4 in embry-
onic day (E8) mouse (Bouillet et al., 1996) and is the ca-
nonical WNT that activates the WNT-B-catenin path-
way (Katoh, 2005). Whnt8 is expressed in the developing
hindbrain in chick, mouse, and zebrafish, in which it has
been implicated in stabilizing otic fate following induction
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(Ohyama et al., 2006; Freter et al., 2008). Studies have
suggested that canonical Wnt signaling affects MSC pro-
liferation and differentiation (Cho et al., 2000; Boland
et al.,, 2004; De Boer et al.,, 2004). Further studies are
needed to clarify the mechanism by which canonical Wnt
signaling regulates MSC proliferation.

Our study clearly demonstrates that conditioned
medium from MSCs stimulated SLF proliferation. The
cells that were incubated with MSC conditioned me-
dium showed increased expression of vimentin, which is
a mesenchymal progenitor marker protein (Rose et al.,
2008), whereas the expression of markers of mature
SLFs decreased. Immunostaining data from tissue sections
of mouse cochlea showed that vimentin was present in
SLFs at PO and that the intensity of labeling decreased
after birth. Vimentin is associated with the mitotic appa-
ratus and is related to the induction of cellular DNA
synthesis and mitosis. It is involved in the extensive
remodeling of cytoskeletal components that is required
for mitosis, cell migration, and process outgrowth
(Baserga, 1985; Ferrari et al,, 1986), so increases in
vimentin synthesis are associated with rapidly growing
cells. In our study, vimentin immunoreactivity decreased
during postnatal development of the SL (Fig. 4C,D).
This decreased expression of vimentin in the SL could
be indicative of declining mitotic activity across the
whole SL, as has been observed in the mouse (Ruben,
1967; Mutai et al., 2009). At PO, vimentin-positive cells
did not express markers of mature SLFs, which leads us
to speculate that those cells were in an immature state.
In the SL of 6-week-old mice, vimentin expression was
restricted to a subpopulation of SLFs. SLFs are able to
repopulate themselves after noise or drug exposure in
the adult mammalian inner ear (Roberson and Rubel,
1994; Hirose and Liberman, 2003; Lang et al., 2003).
Immature SLFs or stem cells that reside in the mature
SL might explain how SLFs repair or replace themselves.
Increased expression of vimentin along with the
decreased expression of mature SLF markers that was
observed in SLFs cultured with MSC conditioned me-
dium might also be explained by the proliferation of
immature SLFs that were stimulated by the factors
secreted by the MSCs. Transplanted MSCs might induce
the proliferation of such immature SLFs and may thus
contribute to the repair of the damaged SL. Whether
the stimulated vimentin-positive cells have the ability to
differentiate into mature SLFs to restore the damaged
SLF network must be clarified in further experiments.

Analyses using DNA and cytokine arrays revealed
the involvement of TGF-B signaling in the effect of
MSCs on SLFs. TGF-B stimulates or inhibits the growth
and differentiation of cells (McCartney-Francis et al.,
1998). Reciprocal interactions between the developing
otic epithelium and the periotic mesenchymal tissue are
critical for normal inner ear morphogenesis. As a
secreted protein, TGF-3 participates in these interactions
in a variety of developing tissues (Massague, 1990;
Kingsley, 1994). TGF-3 is expressed throughout the
cochlear epithelium at E13.5-E17.5 (Pelton et al., 1991).
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The type II TGF-$ receptor (TbRII), which mediates
many of the biological responses to TGF-f, is found in
the mesenchyme surrounding the inner ear (Wang et al.,
1995). TGF-B ligands bind to heteromeric complexes of
TbRI and TbRII (Massague, 1998; Shi and Massague,
2003). SB-431542, an inhibitor of TbRI (Laping et al.,
2002), blocks the TGF-B-mediated proliferation of a
mesenchymal cell line (Matsuyama et al., 2003). In this
study, SB-431542 partially inhibited SLF proliferation
that was induced by the addition of MSC conditioned
medium, suggesting that TGF-B secreted from MSCs
contributes to the proliferation of SLFs. Because the
transplantation of stem cells, combined with specific
growth factors and cytokines, has been thought to have
great potential in regenerative medicine, the identifica-
tion of paracrine factors from MSCs should be helpful in
improving the success of MSC transplantation.

The DNA array results in SLFs stimulated with MSC
conditioned medium revealed genes with a known role in
apoptosis (Table III). Overexpression of the gene encod-
ing PTTG1, one of these upregulated genes, decreases
UV-induced apoptosis (Lai et al., 2007), and increased
expression of PTTGI increases cell proliferation (Kakar
and Jennes, 1999; Zhang et al., 1999; Hamid et al., 2005).
In a similar manner, accelerated proliferation of SLFs
induced by the factors secreted by MSCs may result from
increased cell proliferation and resistance to apoptosis. In
addition, SLFs cultured with or without MSC conditioned
medium also showed differential expression of several
genes related to extracellular matrix and adhesion mole-
cules (Table III). Thbs1 and MMP11, which were down-
regulated in SLFs with MSC stimulation, are involved in
apoptosis (Friedl et al., 2002) and cell proliferation (Deng
et al., 2005), respectively. The effects of these molecules
on SLFs should be investigated in a future study. In the
3NP model, rats with injury to the SL had a higher rate of
MSC invasion than did those without injury (Kamiya
et al., 2007). Our results here show that factors secreted by
MSCs induced SLF proliferation. Thus we speculate that
the transplanted MSCs in the injured SL might promote
SLFs to regenerate, leading to hearing recovery. In addi-
tion, we found that SLF conditioned medium promoted
the transdifferentiation of MSCs into SLF-like cells.
Whether transplanted MSCs in vivo have this ability to
transdifferentiate into SLF-like cells must be determined in
the future. MSCs expressed the gap junction protein
Cx31, which is related to hearing loss (Mhatre et al.,
2003), regardless of exposure to SLF conditioned medium
(data not shown). In the injured SL, transplanted MSCs
protrude toward neighboring fibrocytes and express the
cochlear gap junction protein connexin 26 (Kamiya et al.,
2007). Gap junctions between cochlear fibrocytes play an
important role in the cochlear potassium recycling system,
and a disrupted gap junction network, which occurs with
the loss of SLFs, is thought to be one of the main causes of
hearing loss (Lopez-Bigas et al.,, 2002). Taken together,
these data suggest that the expression of gap junctions on
MSC:s is likely to play a role in reorganizing the gap junc-
tion network that occurs with the loss of SLFs.

CONCLUSIONS

Our results suggest that two mechanisms of hearing
recovery occur in the damaged SL after transplantation
of MSCs into the inner ear. One is that the transplanted
MSCs transdifferentiate into SLF-like cells that compen-
sate for the lost SLFs. The other is that the transplanted
MSCs stimulate the proliferation and regeneration of the
host SLFs. In this study, several candidate molecules that
might be involved in these mechanisms were detected,
and the role of TGF-B signaling in the proliferation of
SLFs was verified. Further elucidation of key molecules
in these mechanisms may lead to the establishment of a
new therapeutic approach for sensorineural hearing loss.
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Genetic mutation is one of the causative factors for idiopathic progressive hearing loss. A patient with
late-onset, moderate, and high-frequency hearing loss was found to have a novel, heterozygous KCNQ4
mutation, c.806_808delCCT, which led to a p.Ser260del located between 55 and the pore helix (PH).
Molecular modeling analysis suggested that the p.Ser269del mutation could cause structural distortion
and change in the electrostatic surface potential of the KCNQ4 channel protein, which may impede K+
transport. The present study supports the idea that a non-truncating mutation around the N-terminus
of PH may be related to moderate hearing loss.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Currently, 50 loci and 27 responsible genes for autosomal dom-
inant non-syndromic hearing loss (DFNA) have been identified [1].
KCNQ4 is one gene that can cause DFNA, type 2 (DFNA2, OMIM:
600101) [2,3]. Patients with mutations in this gene present pro-
gressive sensorineural hearing loss starting in the high frequency
range. KCNQ4 (OMIM: 603537) is a voltage-gated KQT-like potas-
sium channel. It modulates the resting membrane potential of
the outer hair cells, a type of auditory sensory cell. A functional
KCNQ4 channel consists of four subunits. Each subunit contains
six putative domains that span the cellular membrane (51-56), a
K+-selective pore region consisting of S5, S6, a pore helix (PH),
and a pore-loop (P-loop) domain, and N- and C-terminal regions
[3].

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

Abbreviations: DFNA2, nonsyndromic autosomal dominant sensorineural deaf-
ness type 2; KCNQ4, potassium voltage-gated channel; KQT-like subfamily, member
4; ABR, auditory brainstem response.
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truncating mutations (Table 1). Most of the KCNQ4 non-truncating
mutations in the pore region are associated with severe hearing
loss, except for a non-truncating mutation at the N-terminus of
PH, p.Tyr270His, which has been associated with moderate hearing
loss [13]. In an electrophysiological study, co-expression of wild-
type KCNQ4 with each non-truncating mutation associated with
severe hearing loss, including p.Leu274His, p.Trp276Ser, p.Leu281-
Ser, p.Gly285Cys, p.Gly285Ser, p.Gly296Ser, p.Gly321Ser, and
p.Gly322_Leu327del, has been shown to result in significantly re-
duced or non-detectable current [14]. These results indicate that
the severe hearing loss in patients carrying these heterozygous
mutations is due to a dominant negative effect. On the other hand,
the protein products of two KCNQ4-truncating mutations,
p.GIn71SerfsX138 and p.GIn71fs, lack structural motifs, such as
transmembrane domains, and are probably not synthesized from
these alleles. Moderate hearing loss in patients carrying these
mutations in the heterozygous allele has been considered to be
due to haploinsufficiency [3,11].

We identified a novel heterozygous KCNQ4 non-truncating
mutation, ¢.806_808delCCT, that leads to deletion of a serine resi-
due at position 269 (p.Ser269del), located in the region between S5
and the PH of the protein. Unlike other patients with KCNQ4 non-
truncating mutations, the patient who carried this mutation pre-
sented moderate hearing loss. Previously, we reported that a pa-
tient having KCNQ4 with p.Try270His, which is located next to
Ser269, showed moderate hearing loss [13], raising the possibility
that mutation at or proximal to the N-terminus of PH is associated
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Table 1
KCNQ4 mutations affecting the pore region of the channel protein in DFNA2 families.
Exon Nucleotide Amino acid Protein domain Onset (y) Progression Severity Mechanism Refs.
Non-truncating 5 Missense c.778G>A p.Glu260Lys S5 1-20 Yes sV Unknown  [9]
mutation 5 c.785A>T p.Asp262Val §5-PH 1-20 Yes 5V Unknown [9]
5 c.808T>C p.Tyr270His N-terminus of PH 0 Yes MD Unknown [13]
5 c.821T>A p.Leu274His PH 1-20 Yes sv D.N.E. [12]
5 c.827G>C p.Trp2765er PH 1-20 Yes sv D.M.E. [3-5]
6 €.842T>C p.leu281Ser PH 1-20 Yes sV D.M.E. [6]
[ €.853G>T p.Gly285Cys P-loop 1-20 Yes sV D.N.E. [3]
6 c.853G>A p.Gly285S5er P-loop 1-20 Yes sV D.N.E. [2]
6 c.859G>C p.Gly287Arg P-loop 1-20 Yes sV D.N.E. [7]
6 c.886G>A p.Gly2965er S6 1-20 Yes sV D.M.E. [8]
T c961G>A p.Gly321Ser S6 1-20 Yes sV D.N.E. [3]
4 Deletion  c.664_681dell8 p.Gly322_Leu327del S5 1-20 Yes sV D.NE. [10]
5 c.806_808del3  p.Ser269del §5-PH 1-20 Yes MD See This
discussion  study
Truncating 1 Deletion c.211dell p.GIn71SerfsX138 N-terminal Unknown Yes MD HL? [11]
mutation cytoplasmic
1 c212_224del13 p.GIn71fs N-terminal 1-20 Yes MD HIL? [3]
cytoplasmic
5 Monsense ¢.725G>A p.Trp242X S5 1-20 Unknown sV Unknown [9]

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

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

2. Materials and methods
2.1. Subjects

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

2.2. Clinical analysis

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

2.3. Genetic analysis

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

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

2.4. Molecular model analysis

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

3. Results
3.1. Clinical features

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

3.2. Novel mutation of KCNQ4

Sequencing analysis of KCNQ4 from the patient identified a het-
erozygous deletion of three nucleotides, CCT, at position 806-808
(c.806_808delCCT). The deletion mutation causes a change of ami-
no acid residues from Ser268-Ser269-Tyr270 to Ser268-Tyr269
(p.Ser269del) without a frameshift (Fig. 2A). Ser269 was located
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Fig. 1. Clinical information. (A) Pedigree of a family carrying heterozygous KCNQ4 with the c.806_808delCCT (p.Ser269del) mutation. Individuals with hearing loss are
indicated by filled symbols. The arrow indicates the proband. (B) Pure tone audiogram from the proband at 25 years old. Open circles with line: air conduction thresholds of
the right ear; x with dotted line: air conduction thresholds of the left ear; left bracket: bone conduction thresholds of the right ear; right bracket: bone conduction thresholds
of the left ear. Arrows indicate the non-detectable hearing level by profound hearing loss.

A A B -
1 Hurman RELLIA
f /I| Chimpanzee s I
\ Rhesus monkey  SKEL]
|I |I Mouse
; Dog
Chicken
Wild allele TTCTCCTCCTACGCCGACT Clawed frog
805 80 807 508 509 810 811 812 813 Fruit iy
e T pmen gty Vase tunicate
Ser Ser Tyr Nematode
268 269 270
Wild allele TTCTCCTCCTACGCCGACT
Muatonalele T TC TCCTACGCCGACTCGC
805 806 B30T 808 809 810
Ser Tyr
268 269
Pore region

Fig. 2. Partial electrophoretogram of exon 5 of KCNQ4 with the partial protein sequence for KCNQ4. (A) A partial electrophoretogram of exon 5 of KCNQ4 from an individual
with normal hearing (above) and the proband with the heterozygous c.806-808delCCT mutation (below). The positions of the heterozygotic deletion of CCT at 806-808 and
the resulting amino acid deletion (p.Ser269del) are indicated. (B) Seq es of the orthologous KCNQ4 pore region are aligned. Positions highlighted in gray indicate the
residues identical to human KCNQ4. The position of Ser269 is enclosed by a red square. The positions of 55, pore helix (PH), 56 (wavy lines) and the P-loop (straight line) are
shown below the sequences. (C) Schematic topology of KCNQ4. Putative domains, including transmembrane regions (51-56), channel pore region, PH, P-loop, and A-domain
are indicated. Position of Ser269 is indicated by a red circle. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

in the region between the putative S5 and PH, a highly conserved found neither on the Exome Variant Server [23] nor in the control
region among animal species (Fig. 2B and C). This mutation was group of 96 unrelated Japanese individuals with normal hearing.
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Fig. 3. Partial structural model of KCNQ4 and the p.Ser269del mutation. (A and B) The ribbon models of (A) wild-type KCNQ4 subunit and (B) KCNQ4 subunit with the
p.Ser269del mutation overlaid with their corresponding electrostatic surface potential. Red or blue area: negatively or positively charged residues, yellow dot circle:
negatively charged surface potential on the N-terminal region of the pore helix (PH). (C and D) Ribbon models of (C) wild-type KCNQ4 and (D) KCNQ4 with the p.Ser269del
mutation. Green lines: putative hydrogen bonds; yellow arrows: hydrogen bonds within S5 and PH; purple spheres: potassium ions. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

3.3. Predicted structural change in KCNQ4 caused by the p.Ser269del
mutation

The ribbon model of the wild-type KCNQ4 subunit overlaid with
the corresponding electrostatic surface potential demonstrated
that the surface of the N-terminal region of PH is negatively
charged because of the negatively charged side chains of Ser269
and Asp272 (Fig. 3A). The model of KCNQ4 with the p.Ser269del
mutation demonstrated reduction of the negatively charged sur-
face area in this region (Fig. 3B). Reduction of the electrostatic sur-
face potential in this area has been predicted to impede K+
transport because of the long range electrostatic attractive force
between PH and K+ [13]. In addition, hydrogen bonds on the C-ter-
minus of S5 and the N-terminus of PH of wild-type KCNQ4 (Fig. 3C,
yellow arrows) were absent in KCNQ4 with the Ser269del muta-
tion (Fig. 3D). Loss of the hydrogen bonds around the N-terminus
of PH resulted in shortening of the PH and was attributed to desta-
bilization of a-helix formation [24]. The disrupted helices would
affect the structural stability of the pore region and lead to abnor-
mal channel function.

4. Discussion

Most of the KCNQ4 non-truncating mutations affecting the pore
region are associated with severe hearing loss. However, we found
that the non-truncating p.Tyr270His [14] and p.Ser269del muta-

tions were associated with moderate hearing loss. KCNQ4 muta-
tions at or proximal to the N-terminus of PH are suggested to be
associated with moderate hearing loss, because this site is pre-
dicted to have relatively smaller influence than other pore regions,
such as S5, S6, the central region of PH, and the P-loop, on KCNQ4
channel function.

The molecular pathology associated with the p.Ser269del muta-
tion, demonstrated in silico, indicates a reduction in the negatively
charged electrostatic surface potential and structural distortion of
the pore region by the mutated KCNQ4, which may explain the
associated moderate hearing loss. The molecular mechanism in
this case is likely to be a mild dominant negative effect resulting
from the relatively small influence of KCNQ4 with the p.Ser269del
mutation on the normal channel subunit. However, another possi-
bility is haploinsufficiency resulting from the loss of function of
KCNQ4 with the p.Ser269del mutation. This scenario, which would
not affect the functioning of the other channel subunits, cannot be
excluded.

5. Conclusion

We found a novel heterozygous KCNQ4 mutation, c.806_808del-
CCT (p.Ser269del), in a pedigree with progressive and moderate
hearing loss. Molecular modeling analysis of this mutation demon-
strated that changes in electrostatic surface potential and struc-
tural distortion could be relevant to the pathology underlying
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auditory dysfunction. Mutations at or proximal to the N-terminus
of the PH of the KCNQ4 channel might cause mild molecular dys-
function and be associated with moderate hearing loss.
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Mitochondrial DNA haplogroup associated with hereditary hearing
loss in a Japanese population
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Abstract

Conclusion: Haplogroup D4b, especially subhaplogroup D4b2, may be one of the modifiers associated with the phenotypic
expression of hereditary hearing loss (HL). Objectives: The present study investigated the association between suspected
hereditary HL and 12 major mtDNA haplogroups in a Japanese population. Besides the mutations of mitochondrial DNA,
many modifiers including environmental factors and genetic polymorphisms are involved in HIL.. Methods: The subjects
comprised 373 unrelated Japanese patients with suspected hereditary HL and 480 controls. Twenty of the 373 patients were
excluded from the study because the m.1555A>G or the m.3243A>G mutation had been detected in them. The mitochondrial
haplotypes were classified into 12 major Japanese haplogroups (i.e. F, B, A, N9a, N9b, M7a, M7b, G1, G2, D4a, D4b, and
D5). The frequency of each haplogroup in patients with HL was compared with that of the controls using the chi-squared test.
Resulzs: The frequency of the HL patients carrying the mitochondrial haplogroup D4b was significantly higher than that of the
controls (37/353 [10.5%] vs 31/480 [6.5%]; OR 1.70 [95% CI 1.03-2.79, 5= 0.036]) and evidence for enhancement was found
in subhaplogroup D4b2 (32/353 [9.1%] vs 24/480 [5%], OR 1.89 [95% CI 1.09-3.28, p = 0.021]).

Keywords: Mitochondrial DNA polymorphisms, modifiers, haplotype

Introduction

Sensorineural hearing loss (HL) is the most common
sensory disorder in humans, affecting about 1.9 per
1000 children atbirth; and the ratio of patients with HL.
increases with age [1]. It is assumed that patients with
suspected hereditary HL include not only those
carrying the pathogenic mutations but also those
with a multitude of intrinsic and extrinsic factors [2].
In fact, previous studies have revealed that HL is
correlated with genetic polymorphisms in somatic
genes [3,4]. Many pathogenic mitochondrial DNA
(mtDNA) mutations are well known to cause HIL.

[5-7]. Just as in the case of genetic polymorphisms in
somatic genes, it is natural to consider that mtDNA
polymorphisms could be associated with the pheno-
typic expression of HL.. However, no association study
between mtDNA haplogroups and HI. has been
performed. In this study, we focused on the correlation
between mitochondrial haplogroups (i.e., a set of
tightly-linked mtDNA polymorphisms) and hereditary
HL. We performed a case-control study on the asso-
ciation between 12 major mitochondrial haplogroups
and suspected hereditary HL. in a Japanese population,
based on the comprehensive analysis of polymor-
phisms in the coding region of the mtDNA.
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Table I. Demographic features of the patients with hearing
loss (HL).

Feature Value
Sex Male 144 (38.6%)
Female 229 (61.4%)

Age at onset of Newborn or 0 31 (8.3%)

HL (years)
1-3 23 (6.2%)
4-10 80 (21.4%)
11-20 43 (11.5%)
21-30 39 (10.5%)
31-40 50 (13.4%)
41-50 37 (9.9%)
51-60 31 (8.3%)
61-70 12 (3.2%)
71-80 5 (1.3%)
Unknown 22 (5.9%)

Mode of inheritance Autosomal dominant 92 (24.7%)

Autosomal recessive 52 (13.9%)

Maternal 47 (12.6%)

X-linked 0

Sporadic 179 (48.0%)

Unknown 3 (0.8%)
Type of audiogram High-frequency steeply 80 (21.4%)

sloping

High-frequency gently 104 (27.9%)

sloping

Flat 39 (10.5%)

U-shaped (cookiebite) 39 (10.5%)

Reverse U-shaped 4 (1.1%)
Low frequency 39 (10.5%)
Deafness 21 (5.6%)
Others 43 (11.5%)
Unknown 4 (1.1%)
Total 373

Material and methods
Study population

The study population comprised 373 unrelated
Japanese patients with suspected hereditary HL and
480 controls. The patients had visited the outpatient
clinic of the Department of Otolaryngology, Univer-
sity Hospital of Medicine, Tokyo Medical and Dental
University. Background characteristics of these
patients are shown in Table I and were described
previously [7]. These patients were suspected of
having hereditary HL because they had a family

222

1179

history of it or because they had no other apparent
cause of HL. We had previously detected the
m.1555A>G and the m.3243A>G mutations in a total
of 20 of these patients [7]. Because these mutations
are located in mtDNA and thought to contribute
strongly to the phenotypic expression of HL, we
excluded these 20 patients from the case-control
analysis. The average age of the remaining
353 patients was 40.9 + 18.6 years, with an age range
between 1 and 84 years; and the study group com-
prised 138 males and 215 females. As controls,
480 individuals with no manifestation of HIL were
selected from the National Institute of Health and
Nutrition and were enrolled in this study. The control
subjects comprised 143 males and 337 females. Their
average age was 52.5 + 12.3 years, with an age range
between 23 and 85 years.

The study protocol complied with the Declaration
of Helsinki. It was also approved by the Committee on
the Ethics of Human Research of the Tokyo Metro-
politan Institute of Gerontology, the Institutional
Review Board (IRB no. 68) of Tokyo Medical and
Dental University, and the Committee on the Ethics
of Human Research of the National Institute of
Health and Nutrition. This study was carried out
only after obtaining the written informed consent
from each individual and/or the parents in the case
of children.

Selection of mitochondrial polymorphisms
Sor haplogroup classificarion

By using our mtSNP database (http:/mtsnp.tmig.or.
jp/mtsnp/index.shtml) and phylogenetic tree of the
Japanese [8], we selected 151 polymorphic sites
that have been useful for classification of mitochon-
drial haplogroups. We selected a further 32 mtSNPs
that define the 12 major haplogroups (i.e. F, B, A,
N9a, N9b, M7a, M7b, G1, G2, D4a, D4b, and D5)
found in Japan (Table II).

Genoryping of polymorphisms

The DNA samples were purified from the blood by
using a standard procedure. In all, 186 genotypes of
mtDNA polymorphisms were determined (G&G
Science Corporation, Fukushima, Japan) by a method
that combines the PCR and sequence-specific
oligonucleotide probes with the use of suspension
array technology (Luminex® 100™; Luminex, Austin,
TX, USA) [9]. Details of the methodology used for
genotyping, including the primers and probes for
haplotyping, were given previously [10]. To confirm
the accuracy of genotyping by this method, we
subjected 91 DNA samples whose entire sequence



