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Hypothesis: The present study assessed how to inject a gene
into the mouse vestibule and which is the optimum gene to the
mouse vestibule adenovirus (AdV) vector or adeno-associated
virus (AAV) vector.

Background: Loss of vestibular hair cell is seen in various
balance disorder diseases. There have been some reports con-
cerning gene delivery to the mouse vestibule in recent years. To
effectively induce transgene expression at the vestibule, we
assessed the efficiency of inoculating the mouse inner ear using
various methods.

Methods: We employed an AdV- and AAV-carrying green
fluorescent protein using a semicircular canal approach (via a
canalostomy) and round window approach.

Results: AAV injection via canalostomy induced gene expres-
sion at the hair cells, supporting cells, and fibrocytes at the
vestibular organs without auditory or balance dysfunction,
suggesting it was the most suitable transfection method. This
method is thus considered to be a promising strategy to prevent
balance dysfunction.

Conclusion: AAV injection via canalostomy to the vestibule is
the noninvasive and highly efficient transfection method, and this
study may have the potential to repair balance disorders in human
in the future. Key Words: Gene therapy—Vestibule—Virus
vector.

Otol Neurotol 33:655-659, 2012.

The loss of vestibular cells is seen in various balance
disorders such as aging, aminoglycoside toxicity, and
herpes zoster otitis (1-3), and it is known that many
children with congenital deafness have a disorder in the
vestibular function. In such cases, bilateral vestibular
loss results in permanent chronic balance dysfunction.
The vestibular system is an especially important target
for hair cell regeneration because no clinical treatments
are currently available for patients that have lost all
vestibular function. Animal models with genetic bal-
ance disorder were discovered and generated mostly in
mouse, such as shaker-1 or waltzer mice, a mouse model
for Usher syndrome. There have many reports about
gene delivery to the mouse inner ear in recent years.
Several investigators reported that gene transfer using
adenovirus-based vectors results in vestibular hair cell
regeneration, recovery of balance function (4), and
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vestibular hair cell preservation from aminoglycosides
(5). However, it is difficult to use adenoviruses because
they would be used for only short-term treatment (6).
Therefore, we compared the effect of adenovirus (AdV)
vectors with recombinant adeno-associated viral (rAAV)
vectors, which has the advantages in causing long-term
gene expression compared with AdV (7). Moreover, we
assessed how to inject a gene into the mouse inner ear.
Three main routes of gene delivery are possible, namely,
scala media approaches (via a cochleostomy), semi-
circular canal approaches (via a canalostomy), and round
window approaches (8,9). Hearing loss by the method of
cochleostomy has been reported in some studies (9,10).
Thus, in this study, the delivery of AdV and rAAV via
semicircular canal or round window was investigated to
elucidate the implications for hearing and balance func-
tion and cellular specificity of the transgene expression in
the mouse vestibule.

MATERIALS AND METHODS

Animals
Healthy C57BL/6 male mice were used at pl4. All experi-
mental protocols were approved by the Institutional Animal
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Care and Use Committee at Juntendo University and were
conducted in accordance with the U.S. National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

Vectors

A replication-deficient vector (human AdV, serotype 5) was
used to encode the green fluorescent protein (GFP) driven by
the cytomegalovirus (CMV) promoter. The virus was desig-
nated AD5.CMV-GFP (3 x 10!'pfu/ml). The E1 and E3 regions
were deleted. The vectors were purchased from Arist Company,
Osaka, Japan. Viral suspensions in 10 mM Tris-HCL, pH 7.5,
1 mM MgCl,, and 10% glycerol were kept at —80°C until thawed
for use. :

The plasmid DNA pAAV-MCS (CMV promoter; Stratagene,
La Jolla, CA, USA) carrying the GFP gene was constructed
as reported previously (11). The plasmid DNA pAAV-GFP
was cotransfected with plasmids pHelper and Pack2/1 into
HEK-293 cells using the standard calcium phosphate meth-
od (12). After 48 hours, the cells were harvested, and crude
rAAYV vector (serotype 1) solutions were obtained by repeated
freeze-thaw cycles. After ammonium sulfate precipitation, the
virus particles were dissolved in phosphate-buffered saline
(PBS) and applied to an OptiSeal centrifugation tube (Beck-
man Coulter, Fullerton, CA, USA). After overlaying with an
OptiPrep solution (Axis-Shield PoC, Oslo, Norway), the tube
was processed with a Gradient Master (BioCpmp Instruments,
Fredericton, NB, Canada) to prepare the gradient layer of the
OptiPrep. The tube was then ultracentrifuged at 13,000 r.p.m.
for 18.5 hours. The fractions containing high-titer rAAV vec-
tors were collected and used for injection into animals. The
number of rAAV genome copies was semiquantified using
polymerase chain reaction (PCR) within the CMV promoter
region using primers 5’-GACGTCAATAATGACGTATG-3’

and 5’-GGTAATAGCGATGACTAATACG-3’. The final titer
was 1.4 x 10 vp/ml.

To compare the infectious efficiency of the 2 vectors, the
same volume (0.5 wl) of AdV-GFP and AAV-GFP from the
same lots used in the present cochlear injection were adminis-
tered in 60-mm dish with confluent HEK293 cells and observed
in 24 hours after the infection.

Surgical Procedures

C57BL/6 male mice were anesthetized with ketamine (100 mg/
kg) and xylazine (4 mg/kg) by intraperitoneal injection. Glass
capillaries (Drummond Scientific, Broomall, PA, USA) were
drawn with a PB-7 pipette puller (Narishige, Tokyo, Japan) to
achieve an approximately 10-pum outer tip diameter. A poly-
ethylene tube (Atom Medical, Saitama, Japan) was connected to
the glass micropipette. After making a left postauricular incision,
the vector was injected following either of the 2 routes.

Round window approach: for injection via the round window,
the left otic bulla was opened, and the glass micropipette was
inserted into the round window up to the scala tympani, and the
vectors were injected using the micropipette. The injection volume
of the viral vector was regulated to approximately 0.1 wl/min
for 5 minutes using a syringe connected to the polyethylene tube.
To allow the vector to spread throughout and stabilize in the in-
ner ear, the glass micropipette was left in place for 1 minute after
the injection. The opening region of the otic bulla was sealed with
connective tissue.

Semicircular canal approach: for injection via canalostomy,
after anesthesia, the posterior and lateral semicircular canals
were identified, and a small hole was made in each canal. Next,
the glass pipette was inserted into the hole of the posterior
semicircular canal, and the vectors were injected in the same
manner as with the round window approach.
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Hearing results at 14 days after virus vector injection. The ABR thresholds of postoperation (hollow squares) did not differ from the

preoperative results (solid circles) of AAV injection via the round window (A) and via canalostomy (B) and the AdV injection via canalostomy
(D). At AdV injection via the round window, statistical significance was seen at 20 kHz(C). (*p < 0.05).
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AAV-GFP 24h ~

FIG.2. The same volume (0.5 pl) of AdV-GFP (A) and AAV-GFP
(B) from the same lots used in the present cochlear injection were
administrated in 60-mm dish with confluent HEK293 cells and
observed in 24 hours after the infection. GFP signals showed
approximately same infection rates. Images were represented by
GFP fluorescent overlaid on phase contrast image.

Measurements of Auditory Brainstem Response

To assess the safety of the gene transfer strategy, we assessed
the auditory brainstem response (ABR) preoperatively and
14 days after the operation at the virus-injected ear (left side).
ABR measurements were performed as previously reported
in our laboratory (13). Thresholds were determined for fre-
quencies of 4, 12, and 20 kHz from a set of responses at various
intensities with 5-dB intervals, and the electrical signals were
more than 512 repetitions.

Assessment of Vestibular Function

We assessed the vestibular function by observation of the
head tilt, reaching response, and swimming test at 14 days af-
ter operation. For the reaching response, the mouse was held
by the tail above a flat surface, and it was noted whether the
forepaws were stretched out to make contact with the surface.
For the swimming test, the animals were placed in a container
filled with 30 cm of comfortably warm water for no longer than
60 seconds.

Sample Preparation, Histology,
and Immunochistochemical Analysis

At 14 days after injection, the mice were anesthetized and
perfused intracardially with PBS, followed by 4% paraforma-
Idehyde (PFA) in phosphate buffer. The whole inner ear struc-
tures were excised and fixed with PFA and then decalcified in
0.12M ethylenediamine tetra-acetic acid. Specimens were cryo-
protected in 30% sucrose in PBS, embedded, frozen, and sectioned
at 10 pm. Immunofluorescence analysis was performed as pre-
viously reported (10) using anti-GFP antibodies, rhodamine-
phalloidin, and 4°6-diamidino-2-phenylindole (DAPI). Images of
sections were captured with a Carl Zeiss Axioplan 2 microscope
(Carl Zeiss, Oberkochen, Germany), KEYENCE VB-G25
(KEYENCE, Osaka, Japan), and Carl Zeiss LSM510 META
(Carl Zeiss, Oberkochen, Germany).

Data Analysis
Statistical analyses were performed using Student’s #-test for
the ABR data in StatMate IV for Windows. Differences were
considered to be significant if p < 0.05.

RESULTS

Functional Evaluation
The ABR thresholds at frequencies of 4, 12, and 20
kHz are shown in Figure 1. The ABR thresholds 14 days

after virus vector injection did not differ from the pre-
operative results in the rAAV injection (Fig. 1, A and B)
and AdV injection via canalostomy groups (Fig. 1D).
With AdV injection via the round window (Fig. 1C), the
ABR threshold at 20 kHz was significantly elevated
postoperatively (Fig. 1C) (*p <0.05). For vehicle control,
a sham treatment using sterile normal saline through the
round window or semicircular canal had been done
without hearing loss (data not shown).

No abnormalities were observed in the vestibular func-
tional tests (head tilt, reaching response, and swimming
test) in any animal 14 days after the operation.

The Infectious Efficiency of the 2 Vectors

GFP signals showed approximately same infection
rates, suggesting that these 2 lots of virus had the same
titer level. Images were represented by GFP fluorescent
overlaid on phase contrast image (Fig. 2).

FIG. 3.  Photomicrographs of whole inner ear images after dis-
section with a fluorescence stereoscopic microscope. AAV injec-
ted inner ear via the round window (A, E), AAV injected via
canalostomy (B, F), AdV injected via the round window (C, G),
and AdV injected via canalostomy (D, H).
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Whole Inner Ear Observation
To confirm the infection of the inner ear, we observed
the whole inner ear without staining using a fluorescence
stereoscopic microscope. GFP signals were observed
in the vestibular organs (Fig. 3, A-D) and the cochlea
(Fig. 3, E-H) with all the methods.

Expression of GFP
We observed the immunostained frozen sections of
the vestibular organs with a fluorescence microscope to

ampulla utricule

round window
AdV

canalostomy
AdV

laser scanming
MMICIOSCOpe
(utricule)

FIG. 4. Distribution of GFP expression after the AAV and AdV
injection. A, C, E, and G are ampulla and B, D, F, and Hare utricle.
GFP expression could be seen in vestibular hair cells (arrow-
heads), supporting cells (white arrows) and fibrocytes (outlined
arrows) in the inner ear tissue after AAV injection via the round
window (A, B). Expression of GFP also was seen in hair cells
and supporting cells in the ampulla and utricule, and higher GFP
expression observed in the fibrocytes compared with the other
methods (C, D). With AdV injection via the round window (E, F)
and canalostomy (G, H), transgene expression is detected in
the ampulla and utricle, including the hair cells and supporting
cells. I and J are the images using a laser scanning microscope.
GFP expressions were observed in vestibular hair cells (arrow-
heads) and supporting cells (white arrows) with the methods of
AAV injection via canalostomy (/) and AdV injection via cana-
lostomy (J).

Otology & Neurotology, Vol. 33, No. 4, 2012

TABLE 1. Expression of green fluorescent protein in the
vestibular organ

Ampulla Utricule
HC SC HC SC Fibrocyte
AAV-RW injection ++ + ++ + +
AAV-canalostomy ++ ++ + + T+
AdV-RW injection + + + 4 &
AdV-canalostomy + + + + +

The number of infected cells in one section is 0 (—), 1~5 (+), and
6~10 (+1).

HC indicates hair cell; RW injection, transgene via the round window
membrane; SC, supporting cell.

assess the cellular specificity of the transgene expression
of the virus vectors and the numbers of infected cells.
No pathologic changes were observed in the vestibular
organs. GFP expression could be seen in vestibular hair
cells (arrowheads), supporting cells (white arrows), and
fibrocytes (outlined arrows) in the inner ear tissue after
rAAV injection via the round window (n = 4; Fig. 4,
A and B). After rAAV injection via canalostomy, the
expression of GFP also was seen in hair cells and sup-
porting cells in the ampulla and utricule, and higher GFP
expression was observed in the fibrocytes as compared
with the other methods (n = 6; Fig. 4, C and D). After
AdV injection via the round window (n = 4; Fig. 4, E
and F) and canalostomy (n = 5; Fig. 4, G and H), trans-
gene expression was detected in the ampulla and utricule,
corresponding to the hair cells and supporting cells.

For the purpose of identifying GFP-expressing cells,
the sections were observed and image-stacked using a
confocal laser scanning microscope. After rAAV injec-
tion via canalostomy (Fig. 4I) and AdV injection via
canalostomy (Fig. 4]), the expression of GFP occurred in
supporting cells, organizing a single layer, and hair cells
in the shape of flask or column form.

Comparison of the Number of the Infected
Cells by Injection Method

We assessed the cellular specificity by counting the
numbers of cells expressing GFP (Table 1). In the hair cells
in the ampulla, there were more transfected cells by rAAV
injection than by AdV injection. In the supporting cells of
the ampulla, the rAAV injection by canalostomy showed
the most cells with GFP expression. In the utricule, rAAV
injection via the round window showed the most cells with
GFP expression of all methods. For vestibular fibrocytes,
rAAV injection by canalostomy showed the most trans-
fected cells.

DISCUSSION

The present study is the first report comparing the
gene expression at the vestibule between round window
and canalostomy approaches. Most of our methods were
shown to be safe in terms of hearing function and vestib-
ular function because no ABR threshold shift or balance
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abnormality was observed in our study. Especially, the
strategy to inject the virus in the ear by canalostomy has no
risk of causing hearing impairment because of the surgical
manipulation. In the comparison of the number of trans-
fected cells by the injection methods, rAAV injection by
canalostomy was demonstrated to have the most and was
safe for transgene infection into the vestibular hair cells
and other functional cells in the vestibule.

At present, AdV vectors are commonly used in animal
experiments of gene therapy for the inner ear. Staecker
et al. (4) demonstrated that math1 gene transfer using AdV
results in vestibular hair cell regeneration and recovery of
the balance function. Moreover, Pfannenstiel et al. (5)
demonstrated that bcl-2 gene transfer using AdV pre-
served vestibular hair cells after exposure to aminogly-
cosides. The expression time of AAV may be more useful
for therapeutics requiring long time expression, whereas
AdV would be used for short-term treatments (6).

Kawamoto et al. (9) reported that no significant ABR
threshold shift appeared after the injection of AdV vec-
tors into the mouse inner ear. On the other hand, our
study showed that the injection of AdV vectors via the
round window significantly elevated the ABR threshold
postoperatively at 20 kHz. AdV vectors may cause an
inflammatory response in the inner ear because higher
titers of AdV and rAAV were used in the present study
than in the reports by Kawamoto et al.

Because the titer of rAAV was different from that of
AdV, we could not compare the efficiency of AdV with
AAV. Although the ABR threshold was significantly
elevated after the AdV injection via the round window, it
was not elevated after the AAV injection. In addition, the
infected hair cells, supporting cells and fibrocytes of the
ampulla by AAV injection were greater in number than
those by AdV. Thus, rAAV vectors are more suitable than
AdV for the purpose of gene therapy to the vestibule.

With AdV injection via a canalostomy, transgene ex-
pression was reported to be limited to the perilymphatic
space (9). In our study, both AdV and rAAV injection
via canalostomy showed transgene expression in ves-
tibular hair cells and supporting cells. Our results differ
from those of a previous study (9) and may be explained
by the use of the fine glass capillary, which maintains the
structure and function of the membraneous labyrinth.

Our noninvasive and highly efficient transfection method
could enable transgene infection into the vestibule and may
have the potential to repair balance disorders in human in
the future.
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Ohjeative: GIB2 (gap junation protein, beta 2, 26 kDa: connexin 26) is a gap junction protein gene that has
Ibaem impliicatad in many cases of autosomal recessive non-syndromic deafness. Point and deletion
mtations in GIE2 are the most fraquent cause of non-syndromic deafness across racial groups. To clarify
tihe welation between profoumnd non-syndromic deafness and GJB2 mutation in Japanese children, we
perfonmad gematic testing for GEB2.

Methots: We cundincted muttation scareening employing PCR and direct sequencing for G/B2 in 126
dhildiran wiho hadl wndiergone cochlear implantation with congenital deafness.

Resuilts: Wie distacted 10 mutations, induding two unreperted mutations (p.R32S and p.P225L) in GJB2.
W idemtiffiad the highest-fragoency mutation (c235delC: 44.8%) and other nonsense or truncating

Keywords:

Congenital deafness
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Japanese children

p.P225L mustatioms, &5 im previons studies. However, in our research, p.R143W, which is one of the missense
Connexin 26 mstatioms, may dAso show am important correlation with severe deafness.
GJB2 Gonchusion: Qur resuilts suggest that the frequendies of mutations in GJB2 and GJB6 deletions differ

anmong aolivoots. T, our repont is an important study of GJB2 in Japanese children with profound non-

© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

People with any degree of sensory impaimment may emooumiier
problems such as discrimination within the education system or
when looking for work, and a reduced life expectamcy. Semsomi-
neural hearing loss (SNHL) is the most commmom semsory
impairment in developed societies [1.2], wihere ome dhikd im
1000 presents at birth with severe or profound deafiness [[3].

Recent advances in human genetics hawve imdicatad that mone
than half of congenital SNHL cases involve a gemetiic factor [41). Im
75-80% of genetic cases, SNHL is the resullt of autesomal recessive
inheritance, and both parents have normal hearimg [5]}. Miutatioms
of GJB2 are the most frequent cause of autmsomal recessive mom-
syndromic deafness. Indeed, previous studiies Inave sivowm tinat
GJB2 mutations account for up to 50% of non-symdromic deafiness
cases [6]. Hearing-impaired subjects with biallelic GE2 murtations
range widely but most commonly follow a severe to profowmd amd
non-progressive pattern [7-9}]. About 100 diffferemt GJE2 muta-

* Corresponding author. Tel: 481 3 5802 1228; fax: 481 3 SBAD 7103,
E-mail address: chieri-h@juntendo.acjp (C. Hayashi).

0165-5876/$ - see front matter © 2010 Elsewier hrellamd nd. Al mijghts mesemvad,
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tions have been reported globally [the Connexin-Deafness
homepage: http://davinci.crg.es/deafness/], and these mutations
sihow a relatively high local dependence (founder effect). A high
prevalence of c35delG has been found among Caucasians;
©235delC among Eastern Asians, including Japanese [10-13];
¢.167delT among Ashkenazi Jews [14]; p.R143W among certain
Affricans [15]; and p.W24X among Indians [16,17] and European
Gypsies [18-20]. Some recent reports have indicated a genotype-
phenotype correlation: children with two truncating mutations,
such as ¢.35delG or c.235delC, are profoundly deaf, while children
with a trumcating and missense mutation, or two missense
mutations, show better hearing [9,21,22]. Since improved speech
performance after cochlear implantation in early childhood is
usually observed in hearing-impaired subjects with GJB2 muta-
tioms [23], the genetic testing of newborn babies will provide
wseful prognostic information when selecting appropriate treat-
ment for such children.

In the present study, to clarify the frequency and genotype-
phenotype correlation of GJB2 mutations in children with profound
non-syndromic deafness, we performed genetic testing for G/B2
muitations involving 119 Japanese children who had undergone
codhlear implantation with congenital deafness.
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2. Materials and methads
2.1. Subjects

We enrolled 119 fapamese childem, wiho wiere enmellted toesdh
other, with non-syndromic deafivess for genettic analiysic. Of tihese,
107 were sporadic cases {with onlly ene sfffecied imdivitdoll im dhe
family}; the remaining 12 patients were antimsammd recessive crses
{with normal hearing parents and ar least two affecusd dhildirenm).
The study sample consisted of 70 malles (52.8%) andi 49 feomalies
{41.2%). All of their hearing impaimment levells were severe (71—
95 dB) to profound { >95 dB}; inmpaimments wiene detpoisd betivaem
0 and 3 years old. All childrem had wmdergnme codiienr implamta-
tion at Tokyoe Medical University Sdvol of Madidae.

All cases underwent otoscopic examimation and audiometiic
testing. Subjective tests of hearing aouity were assessed haved an
the auditory brain-stem response (ABR) and suditony steady-
state response {[ASSR) im infamts and dhildvem. Belhaviossl
observation avdiometry (BOA) was weed a5 2 selbsidiany messure
to ABR and ASSR. A detzilled historny was talem to exdude afhar
possible causes of deafiness {(sudh a5 neonstall complications,
bacterial raeningitis or ether infections, wee of oiutosdic medics-
tion, or head wauma) Extended pedigrees were elidied finom
each family to exclude interfemilizl relations, Tempaal Tbone
computed tomography was used im dhildven to exdiodle amny
anomalies. The control group was carsfullly dhosem to detenmiine
the carrier frequency, and consisted of 150 wnrellsted individuls
with normal hearing.

Informed consent was obtzined fnom the paewts ar guardiams
when necessary, and these were approved ly the Edbical
Committees of [untends University Sdmol of Wedidine.

2.2. Genetic analysis

All samples from the childrem and monmel commdls were
extracted from peripheral blood using e QAsomp DNA Bllood B
Kit (QIAGEN, Germantowm, MDD, USA). The codiimg regiom of (JIE2
was amplified from DNA samplies by tihe palipmarase dhsin resctiion
{PCR} using the pnmem q&w S CIGICCATICGTCTTTICEAG-3
and GJBZ-R Y-GCCACTCAGCCTIGACA-F. MR prodiucs wiens
sequenced using ﬁae m gﬁrmms amdi sequeamce primers GEZSR
5'-CCACGCCAGCGCICCTAGTG-Y andl JB2-B F-CARGATCCRGCT
GCTTGTGTAGG-3 . The sequending reaction prodinds were elsc-
trophoresed on an ABl Prismm 310 Amalyzer (Fpplied Biosystems).
When no mutation or a single hetenozygons mutiion in GEZ ws
confirmed, we performed the multiples POR assny and diear
sequencing for the coding regiom of GBS, Wolliplex POR wwes
carried out according to the method of Dell Gosiillio et Jl. [24] o
confirm the presence of the deli{GBG-DIISISIT) and diCEs-
D1351854) deletions inm GIBE.

Samples with no mutation or 2 simgle heternzygmms mudedion in
GJBZ and GJBS were analyzed for the gere dosege wiing reall-times
quantitative PCR (gPCR) tw detiect exon reamangements in GEZ and
GJB6. gPCR was perfommed with Tagham Gene Expression Sssays
{Hs00269615_s1 for B2, and HsOO272726 51 for GJFE, Applied
Biosystems) and the 7300 Fast M%‘m R Symﬁm (Aypppliiad
Biosystems}.

Weabtained blood samples from dhe amilly viiidh had aneof e
unreported mutations, pP223L, and e wmepoted one wes
confirmed as follows. The samples were sulbjecrd to mmutaiioen
screening by POR and ditec: sequending for G2, Tie FOR prodiact
was subcloned imts pCR 2.1 vedic-TOROD by TOFQ TA doning
{Invitrogen, Carishad, CA, USA), and imfependent sulhdiones wae
sequenced emp&sym MEM (5 TTGTARACCACCTIOORG)
and reverse {5_-ACRCACCARCAGCTATE:) puinrers. The sequeanme
data mmmﬁmmmmmm@mmmm
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dizizheses umder accession numbers X65361,
HM_0008 16, and NM_001037.

ABO98335,

2.3, Seggisticel analysis

A Z-test was used to calculate the difference in the allele

fraquerncy. In all statistical analyses, P-values of 0.01 or less were
cunsidered significant.

3. Results
RY. BMusation screening of GJB2

GIEZ mutations were found in 45 of the 119 affected individuals,
andi, of these, 35 patients were homozygous or compound
Iheterozygous (294%). GIB2-related deafness patients, who had
e GIRZ muiant slieles, were found in 7 of 12 familial cases
(3%.3%), and there were 28 of 107 sporadic cases (26.2%). Eight
mmutations, induding two unreported ones (p.R32S and p.P225L),
wpere identified in these patients (Table 1). Three mutations were
nrumcating mutations fore was a nonsense mutation {p.Y136X],
amd two were frameshifts {c235delC and ¢.176-191del}]. The
remmaimdng five were missense mautations (p.R143W, p.G45E,
p IR, pR32S, and pP225L). Among these mutations, ¢.235delC
was the most frequent. The ¢235delC mutation accounted for
329% (37 of 70) of the GJB2-mutated alleles (Table 1)

We identified 10 subjects who had three or more mutations. All
afftieemn had p.G45E and p.Y 136X, including one homozygous child.
TA doning and sequencing of subcloned PCR products revealed
that all subjects had both mutations in the same allele (data not
o), G45E accompanied with Y136X has been reported as a
partihogenic mutation in previous reports, especially in Japanese
patients [11,23], although it remains unclear which mutation is
e related to the pathogenicity.

W@ cosapared the allele frequency for each mutation with that

hrsuka’s study [25] (Fig. 1). The frequency of ¢. 235delC and
zzimae mutations (pRI43IW, p.G45EfY136X, and ¢.176-191del) in
s sturdy were significantly different from that in Ohtsuka’s study
(P<@0t). While the pV37 mutation was reported to be the
secomd most frequent autesomal recessive deafness allele in Asian
qoumtries (1T HZE the present subjects did not follow this pattern.

im one subject, we identified a missense mutation, p.P225L,
wylhiich: has mot previously been reported (Fig. 2). The sister and
tather of the proband had this mutation, while they showed a
mommal fearing function. The mother, with a normal hearing
iﬁimm showed no mutation at this site, while she revealed only

zygows p.G4SEfY136X mutation as a known pathogenic
mmm af GJBZ. The sequencing results of TA cloning further
comfirmed the existence of the pP225L nonsense mutation in this
jpatiient. We also identified another unreported mutation, p.R32S,
im amother subject. The patient had p.R32S/p.G45E/Y 136X muta-
tioms. The amino acid positions of two unreported mutations

Esltle €
Whuations identified in the Cx26 gene, GJB2 (NG_008358.1), in child cases of
congerityl deafiness,

Rurdsotide chamge Amine add change Allele (%)
[sotit 2.Eeu79CysiEX3 37 {329}
CATRCST pArgl43Tep{p.R143W) 15{214)
CRUBG>A IR0 A pGly45GIu/pTyri36X{p.G4ASEY136X) 10 (143}
C 7S 19l pre i R 4{57)
CIFFCHG p.The86Arg{p. TSGR} 2{29)
[ e 3 pArgI28er{p.RIS) 1i14)
CHISCST . Pra235len™p P225L) 1 {14}
Tietal mutrions 70 (100

@ Wwe] rutations detactad in this study.
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Fig. 1. Allele frequency for each snutation inthree groups. A Z-eat was wsed to assess the difference in freguency. Note the P-value of <0.01 between the two deafness groups

for €235delC, pRI43W, pCASENVI 36K, andl c IAG-ISNAEL P« @00,

{p.R32S and p.P225L) are highly comsaryed ammong var .
and we did not detect any of these mutations im 300 deomesomes
in normal Japanese controls.

4. Discussiomn

In this study, GJE2-related deafiness patiens acooumted for
29.4% of non-syndromic deafiness cases, This fhrequemcy was less
than in a previous report, which poimted to @ fraquemncy of aroumd
50% [6]. Familial cases were twice as prevelent a5 sporadic cases. In
most of the previously reported studies, the prevalence of GBZ
mutations was significantly higher im ferpiliel mom-symdromic
deafness than in sporadic cases [7,26,27]. The frequent mutations

of GJB2 (€235delC, pRI43W, p. GASE[YI3EX, and ¢ 176-191del) im
this study were pardy differemt from previious reports (23] It &s
assumed that all of our subjects had severe o profound deafiness,

as they had rveceived cochlear implants, whereas Ohtsuka's
sulbjects had mild to profound deafness and included heterozygous
mutations. A few studies have confirmed that some genotypes are
comrelated with clinical phenotypes in GJB2-related deafness.
Further, truncating mutations are associated with a greater degree
of deafmess than non-truncating mutations [9,21,22]. For this
reason, three of these cases might be truncating mutations. In
contrast, p.RI43IW mutation was previously implicated in an
extraordinarily high prevalence of profound deafness in Ghana
[15.28] and Caucasians [9]. This missense mutation may also show
an important correlation with severe deafness in Japan. On the
other hand, an effect of geography on the allele frequency may
have beem present, because most of our subjects were from a
different area compared to a previous report [25].

The relation between p.V371 mutation of GJB2 and SNHL is
controversial. While some reports suggest that this mutation is

e e s o e

® B ¥ 8B B ,
AAALGCEIA

I

1:‘ #

Qn
wef B
saf
wed 8
T
w P

Fig. 2. {A] The pedigres and BOR direat seguending resuites forohe fumily; the arrow indicates dhe m'&;m sequencing results on TA cloning. Genomic PCR products

were subcloned ints & plasmid wecter andl sequenaed smparadly (see Saatiom 2], Tihe

s firgam dent clones are sh

in the above two examples. I shows wild-

type sequence, wheress i shows matand esquanneimveiiidh die profine reditios is dhanged to laudne. Theoes of 8 subclones showed a missense mutation similar te that in [,
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mare CoMMIRGn among individindls off Adimm ancesmy [101,12.29),
otfiers suggest that homozygons |p W7 ik assadived] witlh diight)
moild heearimg boss [22, 20,31 ]} ln whiis studly, mo cesesafhomeaygans
Y371 were olpserved.. Tihese findings supportdhat dismuationiis
associated with mild heming loss, hacmse Al off aur salijiscrs
shwwed severe deafiness,

The two unreportsd B2 muutmiions, |pIREES and pIPEESL, weare
nat detected im mommall inearing cotralls, Mese gnyeasd im amine
acid residues thalt were itghlly comsersad], Adtditfiond iy, e types
of nuutation were seem ik arginine s the dhinty~saord anivo adid,
such as pRIZC, pRIZL, amdl pRE2H, Therdiore, RE2ibthondhttele
a mutation “Tot spett” Thas, it is ey dhat divese ane paihadingicdl
mmutations, rather dien rae or featiiondlly mewand] padipmongibic
changes. On the atfer nand], e mmtation sie of | pl2ED locsted] @t
thve C-termimes off Commpesdin2E hos matpreviiaediyhemrgpontizd,. 8s
the C-rermimus regiom of conmexins iis dhoadht i e an irpontant
region for imraceliulbr mokauiar signdiing and insmmatiion willh

scaffolding proteims amd dhe ouosthdlamm ([32-34)], pPZZIL
meutation found im this swdly may afffaat iimpecant il
molecular metwworks to mantsEin die nommd] fnoiion of dhe

I comciusion, tnis stody demiffiedl dignifoem gamugpic
features of [epagese dhldiren weitth pofont ton-oprdionmmic
deafmess. Further ressandh i ragurad covating & braadar remge
of gemes im the subjiects im s swdy witlh ciifhar simgle
heterozygous or no mutiom, in ordar do hetar widisstiand die

& zy of deafimess in [Hpamn.

We thamlk 2/l the sulbjiects witho paniidipredindiepressnt shdly.
We also thenk B, Kaolko Taomure andi Ms, Tomalbo Kaudie (Takye
M&d&c&ﬂm&w&ﬂy&mﬂl@ﬂﬁaﬁm} forrmmuiiing famileswitth
non-syndroamic deafess, end Bis, ke Qredie ((umerdie Ui
ss&y SM af Medidme) flor ssdiging iin our eypailTEns,
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Inner ear cell therapy for hereditary deafness with multipotent stem cells
Kazusaku Kamiya, Katsuhisa Ikeda
Department of Otorhinolaryngology, Juntendo University School of Medicine

Abstract

Congenital deafness affects about 1 in 1,000 children and the half of them have genetic
background such as connexin26é gene mutation. The strategy to rescue such hereditary
deafness has not been developed yet. Inner ear cell therapy for hereditary deafness has
been studied using some laboratory animals and multipotent stem cells, although the suc-
cessful reports for the hearing recovery accompanied with supplementation of the normal
functional cells followed by tissue repair and recovery of the cellular/molecular functions
have been still few. To succeed in hearing recovery by inner ear cell therapy, appropriate
cell type, surgical approach and the stem cell homing system to the niche are thought to

be required.

Key words: hereditary deafness, mesenchymal stem cell, inner ear, cochlea,
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Y > 73E 2 (endocochlear potential: EP) & IFf
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Summary

Usher syndrome (USH) is the most frequent cause of combined deaf-blindness in
man. An important finding from mouse models and molecular studies is that the
USH proteins are integrated into a protein network that regulates inner ear morpho-
genesis. To understand further the function of harmonin in the pathogenesis of
USH1, we have generated a targeted null mutation UshIlc mouse model. Here, we
examine the effects of null mutation of the Ush1c gene on subcellular localization of
Myo7a, Pcdh1l5 and Sans in the inner ear. Morphology and proteins distributions
were analysed in cochlear sections and whole mount preparations from Ush1c™~
and Ush1c™’* controls mice. We observed the same distribution of Myo7a through-
out the cytoplasm in knockout and control mice. However, we detected Pcdh15 at
the base of stereocilia and in the cuticular plate in cochlear hair cells from Ush1c*~
controls, whereas in the knockout Ush1c™’~ mice, Pcdh1$ staining was concentrated
in the apical region of the outer hair cells and no defined staining was detected at
the base of stereocilia nor in the cuticular plate. We showed localization of Sans in
the stereocilia of controls mouse cochlear hair cells. However, in cochleae from
Ush1c™~ mice, strong Sans signals were detected towards the base of stereocilia
close to their insertion point into the cuticular plate. Our data indicate that the dis-
assembly of the USH1 network caused by absence of harmonin may have led to the
mis-localization of the Protocadherin 15 and Sans proteins in the cochlear hair cells
of Ush1c¢™"~ knockout mice.

Keywords
deafness, inner ear, knockout mouse, Usher 1C, Usher syndrome

Introduction

deafness, but, unlike in USH2, the hearing loss is progressive,
there is variable impairment of vestibular function and late-

Usher syndrome (USH) is an autosomal recessive disorder
characterized by congenital hearing loss and progressive reti-
nal degradation leading to gradual loss of the visual field
and blindness.

Three major clinical subtypes (USH type I, USH type II
and USH type III) are distinguished on the basis of differ-
ences in the severity of the hearing loss, the presence or
absence of vestibular dysfunction and the age of onset of ret-
initis pigmentosa (RP) (Smith ez al. 1994). In USH type 1,
the hearing loss is profound and vestibular function is
absent. The onset of progressive RP is before puberty. Usher
syndrome type 2 is associated with less severe deafness,
normal vestibular function and onset of RP during or after
puberty. Usher syndrome type 3 patients also have milder

onset RP. Each USH subtype is genetically heterogeneous.
To date, seven USH1 loci (USH1B-USH1H) have been identi-
fied by linkage analyses of USH1 families. Five of the corre-
sponding genes have been cloned: the actin-based motor
protein myosin VIla (Myo7a, USH1B) (Gibson et al. 1995;
Weil et al. 1995); two cadherin-related proteins, otocadherin
or Cadherin 23 (Cdh23, USH1D) (Bolz et al. 2001; Bork
et al. 2001) and Protocadherin 15 (Pcdh15, USH1F) (Ahmed
et al. 2001; Alagramam et al. 2001a); and two scaffold pro-
teins, harmonin (USHIC) (Verpy et al. 2000; Bitner-Glind-
zicz et al. 2000) and Sans (USH1G) (Kikkawa et al. 2003;
Weil et al. 2003). The USH proteins are involved in hair
bundle morphogenesis in the inner ear by means of protein—
protein interactions. In a combination of cell cotransfection
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and iz vitro binding assays, harmonin has been shown to
bind to any of the other USH proteins (El-Amraoui & Petit
200S5; Yan & Liu 2010; Zheng et al. 2010).

A mouse mutant has been reported for each of the known
Ush1 genes; shakerl (sh1) for Myo7a (Gibson et al. 1995),
waltzer (v) for Cdh23 (Di Palma et al. 2001; Wilson et al.
2001), Ames waltzer (av) for Pcdh1S (Alagramam et al.
2001b), deaf circler (dfcr) and targeted mouse models for
Ush1c (Johnson et al. 2003; Lentz et al. 2007; Lefevre et al.
2008; Tian et al. 2010) and Jackson shaker (js) for Ushlg
(Kikkawa et al. 2003). All of these mice are deaf, exhibit ves-
tibular dysfunction and display similar morphological abnor-
malities in hair bundle development. In all of these models,
the hair cell stereocilia vary irregularly in height and splay
out from one another indicating defective lateral interactions.
Investigations into the localization of the USH proteins
within the developing stereocilia in mice, combined with in
vitro studies to determine the various interactions between
the constituent molecules, have revealed an ‘Usher inter-
actome’ that is responsible for bundle cohesion. Some of the
Ush1l mutant mice (sh1, v, av) exhibited electroretinogram
anomalies (Libby & Steel 2001), a defective retinal pigment
epithelium has been described in sh1 mice (Gibbs et al.
2003, 2004) and retinal degeneration has been reported in
Ush1c216AA knockin-in mice (Lentz et al. 2010).

The gene encoding harmonin consists of 28 coding exons,
alternative splicing of which leads to 10 USH1C isoforms.
These alternative transcripts form three subclasses (a, b and
c) depending on the domain composition of the protein. The
isoform ‘a’ transcript subclass is expressed ubiquitously in
many tissues, whereas the longest ‘b’ transcript is restricted
largely to the inner ear. The short isoform ‘c’ has a much
broader tissue distribution. The harmonin isoforms differ in
the number of protein—protein interaction domains (PDZ,
postsynaptic density/disc-large/zonal occludens 1), coiled-
coiled domains (CC) and the presence of a proline-serine-
threonine-rich domain (Verpy et al. 2000). Deaf circler, dfcr
and dfcr-2] spontaneous mutant mice have been described
as models for human USHI1C. The mutant dfcr is defective
in all harmonin isoforms (a, b and ¢). Only the harmonin b
isoform subclass is affected by the dfcr-2] mutation (Johnson
et al. 2003). However, altered harmonin isoforms may
retain partial function because the normal reading frame of
the UshIc transcripts is not changed in the shortened dfcr
transcripts of either isoform a or isoform b. Furthermore,
none of the three PDZ-encoding domains are deleted in dfcr
mutant transcripts. Both a USH1C knockin and knockout
mouse have also been reported (Lentz et al. 2007; Lefevre
et al. 2008). To further understand the role of harmonin in
the pathogenesis that leads to USH1, we have recently gen-
erated a targeted null mutation Ushlc mouse model in
which the first four exons of the Usher 1c gene have been
replaced by a reporter gene (Liu et al. 2005; Yan et al.
2006; Tian et al. 2010). Our model is unique because none
of the previous targeted mouse models for USH1C include a
reporter gene in the construct to facilitate expression ana-
lysis in various tissues. Here, we examine the effects of UshIc

mutation on spatial subcellular localization of Myo7a,
Pcdh15 and Sans proteins in the inner ear. In whole mount
of inner ears from mutant, Myo7a was not affected at the
timepoint we analysed the mutant mice, although it is a crit-
ical part of the USH interactome. However, we found both
Pcdh1S and Sans displayed an altered localization in the
mutant mice that may have resulted from disruption of the
entire USH1 complex.

Materials and methods

Inner ears isolated from the Ush1c™~ and*’™ mice at post-
natal day 21 (PD21) were fixed by immersion in 4% para-
formaldehyde (pH 7.4) for 2-5 h at 4°C. The organ of Corti
was dissected from the cochlear spiral in phosphate-buffered
saline (PBS) using a fine needle. Samples were then permea-
bilized in 0.5% Triton X-100 for 30 min, then washed in
PBS. Non-specific binding sites were blocked using 5% nor-
mal goat serum (Life Technologies, Gaithersburg, MD, USA)
and 2% bovine serum albumin (ICN, Aurora, OH, USA) in
PBS for 2 h. Samples were incubated for 2 h in the primary
antibodies at § pug/ml in blocking solution. After several
rinses in PBS, samples were incubated in Alexa Fluor 488-
conjugated anti-rabbit IgG goat at 1:400 (Molecular Probes,
Eugene, OR, USA) for 40 min. Samples were mounted using
a ProLong Antifade kit (Molecular Probes) and analysed
with a laser scanning confocal microscope (LSM-510; Zeiss,
Thornwood, NY, USA). The polyclonal antibody against
Myo7a (ab3481) was obtained from Abcam (Cambridge,
MA, USA). The anti-PCDH15 antibody was generated
against a mixed peptide sequence corresponding to amino
acid 24-37 (SWGQYDDDWQYEDC) and amino acid 1847-
1860 (C+TFTTQPPASNPQWG), and the anti-USH1G anti-
body was against the central portion of the Sans protein
(amino acid 354-372).

Results

Homozygous mutant mice (Ush1c™™) exhibit the abnormal
behaviour (circling and/head-tossing) that are typical of
mice with profound hearing loss and vestibular dysfunction.
Ush1c™™ mice were completely deaf, as there was no detect-
able auditory-evoked brainstem response (ABR) with 100 dB
SPL stimuli, whereas age-matched Ush1c™™ controls showed
ABR thresholds in the normal hearing-range at PD15 and
PD22. Examination of hair cell surface preparations by scan-
ning electron microscopy from birth (PD0) to PD120 in
Ush1c™'~ showed progressively disorganized outer hair cell
(OHC) stereocilia compared with the well-organized pattern
and rigid structure typical of normal stereocilia. Stereocilia
of inner hair cells (IHCs) of mutant mice also exhibited a
disorganized appearance, but to a lesser degree than did the
OHC:s (Tian et al. 2010).

To address the possibility that absence of harmonin dis-
rupts the USH1 protein complex, we analysed in this study
the distribution of Myosin VIIa protein in whole mounts,
and of Protocadherin 15 and Sans in cross sections, of inner

© 2010 The Authors. International Journal of Experimental Pathology © 2010 International Journal of Experimental Pathology



ears from Ush1c™’~ mice. Light microscopy examinations of
sections through apical regions of the cochleae of Ush1c™™
at PD2 revealed no apparent hair cell degeneration (data not
shown). However, in cochlear whole mounts from Ush1c™/~
mice at PD21, some gaps are seen in the regular array of
hair cells. Although the single row of IHCs and the three
rows of OHCs can be distinguished by surface scanning of
the hair cells (Figure 1b), fragmentation of the OHC stereo-
ciliary bundles into two clumps was observed, instead of an
integral, single ‘V’-shaped bundle as in wild-type hair cells
(Figure 1d, arrow). This fragmented aspect was not detected
in stereocilia of IHCs at this timepoint (IHC; Figure 1b),
suggesting that they were beginning to degenerate. However,
confocal microscopic analysis of the hair cells in the basal

Figure 1 Abnormalities at the apical surface of outer hair cells
(OHC) and structural defects of the hair cells in Ush1c™~ mice
at PD21. Cochlear whole mounts were stained with phalloidin
(red) to reveal F-actin in stereocilia and an antibody against
myosin 7a (green) to show the basal structure of the hair cells
in Ush1c*™ (a, c and e) and Ush1c™™ mice (b, d and f). Stereo-
cilia defects were observed in the middle part of the stereocilia
bundles of the OHCs (d, arrows) that were not detected in ste-
reocilia of inner hair cells (IHC; b). ¢ and d show magnified
images corresponding to the boxed areas in a and b respectively.
The confocal analysis at the basal level of hair cells with nuclear
staining (e and f) (DAPI, Blue). Bars = 20 um.

Analysis of USH proteins in Ush1c knockout mice 3

layer revealed structural morphological abnormalities in
both OHCs and IHCs, with a more disorganized appearance
in IHC (Figure 1f). Scanning electron microscopy of
Ush1c™"™ mice from PD21 to PD120 showed a progressive
degeneration of the hair cells and stereocilia of the cochlea
(Tian et al. 2010). Myosin 7a has previously been shown to
be expressed within the stereocilia and within the cuticular
plate, which anchors the base of each stereocilium. In the
present study, Myosin 7a was distributed throughout the
cytoplasm in Ush1c¢™’~ and control mice in the labelled hair
cells, revealing structural morphological abnormalities char-
acterized by disorganized, misaligned inner and OHCs (Fig-
ure le, f).

In cochlear hair cells from heterozygous Ush1c*™ control
mice, we detected Protocadherin 15 at the base of stereocilia
and in the cuticular plate (as shown by the arrow in
Figure 2c), whereas in the mutant Ush1c™’~, Protocadherin
15 immunoreactivity was found accumulated in the apical
region of the OHC and no defined staining was detected at
the base of stereocilia and little Pcdh15 expression was pres-
ent at the cuticular plate (Figure 2d). Likewise, in the knock-
out mice, Sans was undetectable in the stereocilia bundles of
cochlear hair cells at PD21 (Figures 3b, d), in contrast to the
heterozygous controls (Ush1c*~, Figure 3c). Instead, strong
Sans staining was observed towards the base of stereocilia
close to their insertion point into the cuticular plate with a
slight staining of the cytoplasmic region of OHC in cochleae
from Ushlc™~ mice (Figure 3d). These results suggest a
mis-localization of the Pcdhl5 and Sans proteins in

Figure 2 Localization of Protocadherin 15 (green) in the cochl-
ear hair cells of Ush1c-knockout mice at PD21. Cross sections
of the organ of Corti were stained with an antibody to Proto-
cadherin 15 (green). In Ush1c*~ mice (a and c), expression of
Protocadherin 15 was localized at the base of stereocilia (left
panel, arrow) and in the cuticular plate. In contrast, in
Ush1c™’~ mice (b and d), Protocadherin 15 immunoreactivity
appears (arrowhead) diffuse above nuclei (DAPI-Blue). Bars =
20 pm.
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Figure 3 Localization of Sans (green) in the cochlear hair cells
of Ush1c™’™ mice at PD21. Cross sections of the organ of Corti
of Ush1c*’~ (a and ¢) and Ushlc™~ (b and d) mice were
stained with an antibody to Sans (green). c and d are higher
magnification images of a and b respectively. Arrowheads and
arrows indicate inner hair cells and outer hair cells (OHC)
respectively. Nuclei were stained by DAPI (Blue). Sans was
localized in the stereocilia bundles in Ush1c*’~ cochlear hair
cells at PD21 (c). However, in Ush1c™’™ mice, strong signals
were observed towards the base of stereocilia close to their
insertion into the cuticular plate with a slight cytoplasmic stain-
ing of OHC (d). Bars indicate 20 pm.

Ush1c™’™ mice, characterized by a shift of the immunoreac-
tivity of the proteins towards the base of stereocilia.

Discussion

The USH gene products are part of a protein complex in
hair cells of the inner ear. The actin-bundling and PDZ-
domain-containing protein harmonin may coordinate the
activities of the USH proteins and bridge them to the cyto-
skeleton of the hair cell (Boeda et al. 2002). Disruption of
the USH protein network leads to stereociliary disorganiza-
tion, as observed in mouse models, and is thought to be
responsible for congenital deafness in patients with USH
(Petit 2001).

Mouse models for USH have played a crucial role in iden-
tifying defective genes responsible for USH1 in humans and
furthering our understanding of the function of USH1 pro-
teins in normal and disease conditions. All mouse USH1
models are deaf and exhibit vestibular dysfunction. In these
mutants, the sensory cells of the cochlea display anomalies
in hair bundle development, indicating an essential function
for USH1 proteins in stereocilia differentiation (El-Amraoui
& Petit 2005). The abnormal stereocilia morphology

observed in our Ushlc knockout mice is similar to that
reported in mouse models for other forms of human USH1.

Regarding spatiotemporal expression, immunohistochemi-
cal studies show that the USH1 proteins are expressed in
hair cells of the inner ear throughout life. However, USH1
protein subcellular distribution in the stereocilia varies dra-
matically during development until maturity is reached.
Expression of harmonin, Cdh23 and Pcdhl1$5 is detectable in
the hair bundle from the moment the bundle emerges at the
apical surface of sensory hair cells (Boeda et al. 2002; Ah-
med et al. 2003). Harmonin b is found concentrated at the
tips of stereocilia during early postnatal stages but its
expression diminishes around PD30 in both the cochlea and
vestibule (Boeda et al. 2002). The spatiotemporal expression
pattern of Cdh23 parallels that of harmonin b, being first
observed along the entire length of the emerging stereocilia
and then restricted to the tip region.

Notably, Grillet et al. (2009) have recently shown that
harmonin b is a component of the upper tip-link density,
where CDH23 inserts into the stereociliary membrane and is
required for normal hair cell mechanoelectrical transduction.
In foetal cochlea, Pcdh15 can be detected in supporting cells,
outer sulcus cells and the spiral ganglion (Alagramam et al.
2001b), while in the mature inner ear, Pcdh15 is also local-
ized in stereocilia of sensory hair cells of both the cochlea
and the vestibular organ (Ahmed et al. 2003). CDH23 and
PCDH1S5 have been shown to be present in the transient lat-
eral stereocilial and kinocilial links and that the two cadher-
in proteins interact to form tip-link filaments in sensory hair
cells (Sollner et al. 2004; Michel et al. 2005; Kazmierczak
et al. 2007). MYO7A is expressed in the mechanosensory
hair cells of the vestibular organ and cochlea where it is pre-
dominantly localized in the stereocilia, but is also detected
within the cuticular plate and the pericuticular necklace
region, which is characterized by a dense ring of vesicles (El-
Amraoui et al. 1996; Hasson et al. 1997; Boeda et al.
2002).

In this study, we investigated the effect of the Ushlc
knockout mice on subcellular expression of Myosin 7a,
Pcdh15 and Sans in the inner ear. We observed the same dis-
tribution of Myosin 7a expression throughout the cytoplasm
in knockout and control mice which may indicate that Myo-
sin 7a is expressed earlier than harmonin. This may also
suggest that Myosin 7a does not rely on the presence of har-
monin isoforms for its cytoplasmic distribution. Whether the
cytoplasmic Myosin 7a requires harmonin for hair cells
function, however, remains to be examined. We detected
Pcdh1$5 at the base of stereocilia and in the cuticular plate in
cochlear hair cells from Ush1c*~ controls, whereas in the
mutant Ush1c™™, PcdhlS immunoreactivity was found
accumulated in the apical region of the OHC and no defined
staining was detected at the base of stereocilia nor in the
cuticular plate. The scaffold protein Sans has previously
been shown localized in the apical hair cell bodies under-
neath the cuticular plate of cochlear and vestibular hair cells
of PD3 mice (Adato et al. 2005), but not in the stereocilia.
Using an antibody against a peptide sequence corresponding
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to the central portion of Sans (amino acid 354-372),
we found the protein localized in the stereocilia bundles
of mouse cochlear hair cells at PD21 in controls mouse.
However, in cochleae from Ush1c™’™ mice, strong Sans sig-
nals were observed towards the base of stereocilia close to
their insertion point into the cuticular plate with a slight
staining of the cytoplasmic region of OHC. Overall,
our data indicated that in mice deficient in harmonin, both
interacting partners Pcdh1S and Sans are mislocalized. The
epitopes recognized by our antibodies against Pcdh15 and
Sans were shifted towards the basal body of the hair cells,
whereas they are expressed in the stereocilia of normal
control mice.
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