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Hair cells of the mammalian inner ear are the mechanoreceptors that convert sound-induced vibrations into electrical signals. The
molecular mechanisms that regulate the development and function of the mechanically sensitive organelle of hair cells, the hair bundle,
are poorly defined. We link here two gene products that have been associated with deafness and hair bundle defects, protocadherin 15
(PCDH15) and myosin VIIa (MYO7A), into a common pathway. We show that PCDH15 binds to MYO7A and that both proteins are
expressed in an overlapping pattern in hair bundles. PCDH15 localization is perturbed in MYO7A-deficient mice, whereas MYO7A
localization is perturbed in PCDH15-deficient mice. Like MYO7A, PCDH15 is critical for the development of hair bundles in cochlear and
vestibular hair cells, controlling hair bundle morphogenesis and polarity. Cochlear and vestibular hair cells from PCDH15-deficient mice
also show defects in mechanotransduction. Together, our findings suggest that PCDH15 and MYO7A cooperate to regulate the develop-
ment and function of the mechanically sensitive hair bundle.
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Introduction
Hair cells of the vertebrate inner ear are mechanosensors that
transduce mechanical forces arising from sound waves and head
movement to provide our senses of hearing and balance. The
mechanically sensitive organelle of a hair cell is the hair bundle,
which consists of actin-rich stereocilia that are connected by ex-
tracellular linkages into a bundle (Hudspeth, 1997; Gillespie and
Walker, 2001; Müller and Evans, 2001; Steel and Kros, 2001). The
molecular mechanisms that control the development and main-
tenance of the hair bundle are not well understood, but the study
of genes that are linked to deafness has provided first insights.
These studies have shown that espin crosslinks filamentous actin
(F-actin) in stereocilia and that whirlin and myosin XV cooperate
to regulate stereociliary growth (Zheng et al., 2000; Mburu et al.,
2003; Belyantseva et al., 2005; Delprat et al., 2005; Kikkawa et al.,
2005). The transmembrane receptors cadherin 23 (CDH23) and
protocadherin 15 (PCDH15), the adaptor proteins harmonin
and sans, and the molecular motor myosin VIIa (MYO7A) are

also implicated in hair bundle development, maintenance,
and/or function. Mutations in the genes encoding these proteins
have been linked to inherited forms of deafness and deaf blind-
ness in humans, and similar mutations in the orthologous mu-
rine genes lead to structural defects in hair bundles (Ahmed et al.,
2003a; Whitlon, 2004). As members of the cadherin superfamily,
CDH23 and PCDH15 are candidates to form extracellular link-
ages in hair bundles. Consistent with this hypothesis, CDH23 is
localized at transient lateral links, kinociliary links, and tip links
(Boeda et al., 2002; Siemens et al., 2002, 2004; Sollner et al., 2004;
Lagziel et al., 2005; Michel et al., 2005; Rzadzinska et al., 2005).
CDH23 binds to harmonin, whereas harmonin binds to MYO7A,
F-actin, and sans, suggesting that harmonin assembles a protein
complex mediating CDH23 function (Boeda et al., 2002; Siemens
et al., 2002; Adato et al., 2005). The function of PCDH15 is less
clear. Like CDH23, PCDH15 can bind to harmonin (Adato et al.,
2005; Reiners et al., 2005), suggesting that the two cadherins use
similar downstream effectors. However, although mutations in
CDH23 and MYO7A lead to hair bundle defects in cochlear and
vestibular hair cells shortly after birth, only the development of
cochlear hair cells has been reported to be affected in PCDH15-
deficient mice. Structural defects in vestibular hair cells of
PCDH15-deficient mice have been observed only in the adult
(Alagramam et al., 2000, 2001a, 2005; Raphael et al., 2001; Hampton
et al., 2003). It therefore has remained unclear whether PCDH15
regulates hair bundle development or maintenance or whether it
has different functions in cochlear and vestibular hair cells.
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To gain insights into PCDH15 function in hair cells, we have
now identified proteins that bind to the PCDH15 cytoplasmic
domain, studied the PCDH15 distribution in hair cells, and ana-
lyzed hair cell development and function in PCDH15-deficient
mice. We show here that PCDH15 binds not only to harmonin
but also to MYO7A. Like MYO7A, PCDH15 is expressed toward
the base of stereocilia, and the distribution of PCDH15 is per-
turbed in MYO7A-deficient mice, whereas the distribution of
MYO7A is affected in PCDH15-deficient mice. Similar to
MYO7A-deficient mice (Self et al., 1998), PCDH15-deficient
mice show defects in the development and function of both co-

chlear and vestibular hair cells. Together,
these findings suggest that PCDH15 and
MYO7A cooperate to regulate hair bundle
development and function.

Materials and Methods
Animals and antibodies. Ames waltzer C57BL/
6J-Pcdh15av3J/J (Alagramam et al., 2001a)
and waltzer C57BL/6J-Cdh23v-2J/J mice (Di
Palma et al., 2001) were obtained from The
Jackson Laboratory (Bar Harbor, ME). shak-
er-1 Myo7a4626SB mice have been obtained as
described previously (Liu et al., 1999) and
were backcrossed onto the C57BL/6J genetic
background. Rabbit polyclonal PCDH15 an-
tisera were raised against a synthetic peptide
corresponding to residues 1927–1943 (RVV
EGI DVQ PHS QST SL) and against a gluta-
thione S-transferase (GST)-fusion protein
consisting of amino acids 1823–1943 of the
mouse protein. Antibodies were affinity pu-
rified before use. Additional antibodies were
as follows: mouse anti-hemagglutinin
(HA).11 (Covance Research Products,
Berkeley, CA), rabbit anti-MYO7A (Hasson
et al., 1997), mouse anti-tubulin (Sigma, St.
Louis, MO), rabbit anti-green fluorescent
protein (GFP) and anti-CDH23*cyto (Sie-
mens et al., 2002, 2004), Alexa Fluor 594 anti-
rabbit and anti-mouse (Invitrogen, Carlsbad,
CA), and Alexa Fluor 488 –phalloidin (In-
vitrogen), and horseradish peroxidase-con-
jugated anti-rabbit and anti-mouse (Amer-
sham Biosciences, Arlington Heights, IL).

Whole-mount immunocytochemistry. Inner
ears of embryonic day 18 (E18), postnatal day 0
(P0), P5, and P21 mice were dissected from
temporal bones. The cochlear shell was re-
moved, and the organ of Corti or vestibular
patches were fixed for 45 min with 4% parafor-
maldehyde in PBS, followed by permeabiliza-
tion and blocking for 1 h in 10% goat serum
containing 0.2% Triton X-100 in PBS. Primary
antibodies were incubated overnight at 4°C,
and secondary antibodies were incubated for
3 h at room temperature. Where indicated,
whole-mount explants were treated before fix-
ation for 20 min with 5 mM EGTA or for 10 min
with 50 �g/ml subtilisin, 10 �g/ml elastase, or 5
mM LaCl3. Whole-mount preparations were
imaged on a Deltavision Deconvolution Mi-
croscope and processed with SoftWoRx soft-
ware (Applied Precision, Issaquah, WA).

Electron microscopy. For transmission elec-
tron microscopy (TEM), cochleas were re-
moved by dissection from P5 mice and fixed by
immersion with 2.5% glutaraldehyde and 1%

tannic acid in 0.1 M cacodylate buffer for 2 h at room temperature. After
several washes with buffer alone, the cochleas were osmicated, dehy-
drated, and embedded in Epon resin. Ultrathin sections were placed on
copper grids and analyzed in a Philips (Aachen, Germany) 208 electron
microscope. For scanning electron microscopy (SEM), inner ear sensory
epithelia were fixed with 2.5% glutaraldehyde, 0.05 M sucrose, and 1%
tannic acid in 0.05 M N, N-bis[2-hydroxyethyl]2-aminoethanesulfonic
acid buffer, pH 7.4, for 3 weeks at �4°C as described previously (Osborne
et al., 1984). The samples were dehydrated with an ethanol series (50, 70,
80, 90, and 100%), critical-point dried from liquid CO2, sputter coated
with gold–palladium, and examined using a scanning electron micro-

Figure 1. PCDH15 localization in hair cells. Cochlear whole mounts of wild-type (wt) (a, c) and Ames waltzer av3J (av3J) (b) mice
at P5 were stained with antibodies to PCDH15 (red) and phalloidin (green). PCDH15 expression was detected in outer and inner
hair cells and localized toward the base of the longest stereocilia. The rightmost panel in c shows a staining for CDH23 (red) and
phalloidin (green), revealing CDH23 at stereociliary tips. d, Hair cells from the vestibule of P5 mice were stained with antibodies to
PCDH15 (red) and phalloidin (green); (leftmost panel in d). Similar stainings were performed in P1 chickens (chi) (PCDH15, green;
phalloidin, red). e, At P21, PCDH15 (red) was more widely distributed in the stereocilia of cochlear hair cells. Size bars: a, b, e, 5
�m; c, 3 �m; d, left and right, 10 �m; d, middle, 5 �m.
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scope (FEI XL-30 ESEM FEG; FEI/Phillips, Hillsboro, OR; Scripps Insti-
tution of Oceanography San Diego, Unified Laboratory Facility, La Jolla,
CA).

DNA constructs. The full-length cDNA encoding mouse PCDH15 was
amplified from adult brain RNA by reverse transcription (RT)-PCR and
inserted into KpnI and EcoRI sites of pcDNA3 (Invitrogen). GST-fusion
constructs GST-PCDH15-CT, containing the last 120 amino acids of
PCDH15 (1823–1943), and GST-PCDH15-CTDPBI, a truncated form of
GST-PCDH15-CT lacking the C-terminal seven amino acids, were ob-
tained by PCR and inserted in-frame into BamHI and NotI sites of pGEX-
4T-1 (Amersham Biosciences). The PCDH15 cytodomain construct (en-
coding amino acids 1403–1943) was amplified by RT-PCR from mouse
brain RNA and inserted in-frame into NdeI and SalI sites of pGBKT7
(Clontech, Cambridge, UK). GFP– harmonin-a has been described pre-
viously (Siemens et al., 2002). GFP-fusion constructs containing the in-
dividual postsynaptic density-95/Discs large/zona occludens-1 (PDZ)
domains of harmonin were generated by PCR using the aforementioned
harmonin full-length construct as a template and inserting the PDZ1
(amino acids 1–191), the PDZ2 (amino acids 168 – 446), and the PDZ3
(amino acids 367–541) domains into pEGFP-C1 (Clontech). MYO7A
constructs were as follows: GFP-MYO7A full length (amino acid 1–2175,
human sequence in pEGFP-C3), GFP-MYO7A tail (1022–2175 in
pEGFP-C3), GFP- MYO7A-SM (amino acids 1573–1820 in pEGFP-C3),
GST-MYO7A-SM (amino acids 1573–1820 in pGEX4T-1), and GST-
MYO7A-Src homology 3 (SH3) (amino acids 1573–1708 in pGEX4T-1).
The cytodomain of E-cadherin (Ecad) was deleted after the transmem-
brane domain at amino acid 738 and replaced in-frame by either a 3xHA
peptide (TYPYDVPDYAYPYDVPDYAYPYDVPDYA) to obtain
pcDNA3 Ecad-HA or the PCDH15 cytodomain (amino acids
1403–1943) to obtain pcDNA3 Ecad-PCDH15cyto. All constructs were
verified by DNA sequencing.

In vitro binding assays and GST pull-downs. In vitro binding assays
were performed using GST-tagged fusion proteins and radiolabeled pro-
teins generated by in vitro translation as described previously (Siemens et
al., 2002). To test for interactions of PCDH15 with MYO7A and harmo-
nin, bacterial lysates containing the GST-fusion constructs or GST alone
were incubated with preequilibrated glutathione-Sepharose beads (Am-
ersham Biosciences) for 2 h at 4°C. Expression levels of GST-fusion pro-
teins were determined by SDS-PAGE and Coomassie blue staining. Equal
amounts of fusion proteins or GST alone were used for pull-down assay.
Incubation of 35S-labeled proteins with GST proteins was performed for
2.5 h at 4°C. The beads were washed 3� with 20 mM Tris-HCl, pH 8.0, 1
mM EDTA, 240 mM NaCl, 0.5% Triton X-100, 1 mM DTT, and 1 mM

PMSF containing protease inhibitor cocktail (Roche Products, Welwyn
Garden City, UK). Sepharose beads were resuspended in 1� Laemmeli’s
sample buffer containing 5% �-mercaptoethanol and analyzed by
SDS-PAGE.

Immunoprecipitation and Western blot analysis. HEK293T cells were
transfected using Lipofectamine 2000 (Invitrogen). After 24 h, extracts
were prepared in 50 mM HEPES, pH 7.5, 150 mM NaCl, 1.5 mM MgCl2,
10% glycerol, 1% Triton X-100, 1 mM EDTA containing 10 mM sodium
fluoride, 10 �g/ml aprotinin, 1 mM phenylmethylsulfonylfluoride, and
protease inhibitor cocktail (Roche Products). Whole-cell lysates were
incubated for 4 h with primary antibody, followed by 2 h incubation with
30 �l of protein G Sepharose (Amersham Biosciences). Immunocom-
plexes were washed with lysis buffer and 50 mM Tris-HCl, pH 7.5, 150 mM

NaCl, 5 mM EDTA, and 1% Triton X-100 before addition of Laemmeli’s
sample buffer and SDS-PAGE. For expression controls, transfected
HEK293T cells were directly lysed in Laemmeli’s sample buffer.

Immunohistochemistry of transfected cells. HeLa cells were split the day
before transfection and cultured in DMEM (4.5 g/L glucose; Invitrogen)
containing 10% fetal bovine serum (FBS) and penicillin, streptomycin,
and glutamine (Invitrogen) at 37°C/5% CO2. Cells were transfected us-
ing Lipofectamine Plus reagent (Invitrogen) and analyzed 18 h later.
Solutions for subsequent steps were prepared in PBS. Before the addition
of antibodies, cells were fixed for 20 min in 3.7% formaldehyde, perme-
abilized for 2 min in 0.5% Triton X-100, and then blocked for 1 h in 5%
FBS. Primary antibodies were incubated for 2 h at 37°C in blocking
solution, and secondary antibodies were incubated for 1 h at 37°C in PBS.

FM1-43 labeling and electrophysiology. For FM1-43 [N-(3-
triethylammoniumpropyl)-4-(4-(dibutylamino)styryl) pyridiniumdi-
bromide] labeling, cochlear and utricular sensory epithelia were excised
from P5–P10 animals, mounted on glass coverslips, and bathed in MEM
(Invitrogen) supplemented with 10 mM HEPES. FM1-43FX at 5 �M (In-
vitrogen) was bath applied for 10 s, followed by three rinses in MEM. The
tissue was fixed in 4% paraformaldehyde overnight, rinsed three times
with PBS, counterstained with a 1:100 dilution of Alexa Fluor 633–phal-
loidin, and imaged on a Zeiss (Oberkochen, Germany) 510 confocal
microscope. Whole-cell recordings and mechanical stimulation of
mouse utricular and cochlear hair cells were performed as described
previously (Holt et al., 2002; Stauffer et al., 2005). Briefly, we used the

Figure 2. Biochemical properties of PCDH15. a, Cochlear whole mounts of P5 animals were
treated as indicated and stained for PCDH15 (red) and F-actin (green). PCDH15 was sensitive to
treatment with EGTA, subtilisin, and elastase. b, HEK293 cells that were transfected to express
PCDH15 were treated with elastase (E, 5 or 10 �g/ml) or subtilisin (S, 5 or 50 �g/ml); extracts
were prepared and analyzed by Western blotting. PCDH15 was sensitive to treatment with
elastase and subtilisin. Size bar, 5 �m.
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whole-cell, tight-seal technique in voltage-clamp mode to record mech-
anotransduction currents while deflecting hair bundles with stiff glass
probes mounted on a piezoelectric bimorph. The bimorph stimulator
had a 10 –90% rise time of 0.6 ms. Utricle hair cells were stimulated by
drawing the kinocilium into a pipette filled with extracellular solution
(Holt et al., 2002), holding the kinocilium in place using constant suc-
tion. Cochlear cells were stimulated using a blunt-ended glass pipette
sized to fit snugly into the V-shaped outer hair cell bundles. Bundle
stimulation was monitored by video microscopy using a CCD camera
(Hamamatsu, Shizouka, Japan). Our standard extracellular solution
contained the following (in mM): 137 NaCl, 5.8 KCl, 10 HEPES, 0.7
NaH2PO4, 1.3 CaCl2, 0.9 MgCl2, and 5.6 D-glucose, vitamins, and amino
acids as in MEM, pH 7.4 (311 mOsm/kg). Recording electrodes were
pulled with resistances of 3–5 M� from R-6 glass (Garner Glass, Clar-
emont, CA) and were filled with an intracellular solution that contained
the following (in mM): 135 KCl, 5 EGTA-KOH, 5 HEPES, 2.5 Na2ATP,
2.5 MgCl2, and 0.1 CaCl2, pH 7.4 (284 mOsm/kg). We used an Axopatch
200B amplifier (Molecular Devices, Palo Alto, CA) to hold the cells at
�64 mV. Transduction currents were filtered at 1 kHz with a low-pass
Bessel filter, digitized at �5 kHz with a 12-bit acquisition board (Digi-
data 1322A), and collected using pClamp 8.2 software (Molecular
Devices).

Results
PCDH15 expression in hair cells
To define the expression pattern of PCDH15 in the inner ear, we
raised in rabbits antisera against a peptide encompassing the
C-terminal 17 amino acids of the PCDH15 protein. A second set
of antisera was raised against a fusion protein between GST and
the C-terminal 120 amino acids (supplemental Fig. S1a, available
at www.jneurosci.org as supplemental material). Two rabbits
were immunized with each immunogen, and the antibodies were
affinity purified for subsequent experiments. All antibodies gave
similar results. To control for the specificity of the antibodies, we
performed Western blots with extracts from HEK293T cells that
were transfected with a PCDH15 expression vector. All antibod-
ies recognized a protein with an apparent molecular mass �250
kDa, in good agreement with the predicted molecular mass of

full-length PCDH15 (�216 kDa) (supple-
mental Fig. S1b, available at www.jneuro-
sci.org as supplemental material). The dif-
ference in the predicted from the observed
molecular mass likely can be explained by
glycosylation of the PCDH15 extracellular
domain and the high proline content of
the cytoplasmic domain (supplemental
Fig. S1a, available at www.jneurosci.org as
supplemental material). The antisera also
stained transfected HeLa and Madin-
Darby canine kidney cells but not untrans-
fected control cells (supplemental Fig. S1c,
available at www.jneurosci.org as supple-
mental material). These findings suggest
that the antibodies specifically recognize
PCDH15 and are suitable for immunolo-
calization studies.

Previous studies have shown that
PCDH15 is expressed in hair cells, includ-
ing stereocilia (Ahmed et al., 2003b). To
analyze the expression pattern of PCDH15
in hair cells at different developmental
time points at higher resolution, we
stained cochlear and vestibular sensory
epithelia from C57BL/6J mice as whole
mounts (Fig. 1). At P5, when the stereo-
cilia of cochlear hair cells are elongating,

we observed PCDH15 staining in outer hair cells and inner hair
cells (Fig. 1a) (supplemental Fig. S1d, available at www.jneuro-
sci.org as supplemental material). Weak PCDH15 expression was
observed within the cell bodies (data not shown). More promi-
nent expression was detectable in the hair bundles. PCDH15 was
localized in a restricted area toward the base of the longest stere-
ocilia, in which they were in close apposition to the next row of
shorter stereocilia (Fig. 1a,c). This distribution contrasts with
that of CDH23, which was localized toward the tips of all stereo-
cilia as reported previously (Fig. 1c) (Siemens et al., 2004; Rzadz-
inska et al., 2005). Staining was not observed with secondary
antibody alone and was not detectable in PCDH15-deficient
Ames waltzerav3J mice, confirming the specificity of the signal
(Fig. 1b and data not shown). In vestibular hair cells of P5 mice
(Fig. 1d) and in hair cells in the basilar papilla of newborn chick-
ens (Fig. 1d), PCDH15 localization was restricted even more to-
ward the base of stereocilia close to their insertion point into the
cuticular plate. Finally, at P21, PCDH15 was no longer confined
to the base of stereocilia but distributed along the stereocilia in a
pattern of dots (Fig. 1e). We conclude that PCDH15 shows a
dynamic expression in hair cell stereocilia, with localization to-
ward the base during early stages of hair bundle development and
a more broad distribution as hair cells mature.

PCDH15 and ankle links: common and
distinguishing features
Recent studies have provided evidence that ankle links in murine
cochlear hair cells are transient structures that disappear at ap-
proximately P14 (Goodyear et al., 2005 and references therein).
The transient localization of PCDH15 toward the base of devel-
oping stereocilia suggests that it may be a component of ankle
links. Previous studies have also shown that ankle links can be
distinguished from other linkages in hair cells by biochemical
means. Ankle links are disrupted by treatment of hair cells with
EGTA and subtilisin but not by La 3� and elastase; tip links are

Figure 3. Analysis of cochlear hair cells by SEM and TEM. P5 cochlear whole mounts from wild-type (wt) (a– c) and Ames
waltzerav3J (av3J) (e– g) mice were analyzed by SEM. Links at the base of stereocilia (arrows) were visible in hair cells from
wild-type and mutant animals. Links along the length of stereocilia were also present (arrowheads) but could be visualized much
more clearly by TEM (d, h). Scale bars: a– c, e– g, 200 nm; d, h, 300 nm.
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disrupted by treatment with EGTA, La 3�,
and elastase but not by subtilisin; and fi-
nally, transient lateral links and top con-
nectors are essentially unaffected by treat-
ment with subtilisin and EGTA (Osborne
and Comis, 1990; Assad et al., 1991; Good-
year and Richardson, 1999; Kachar et al.,
2000; Goodyear et al., 2005). We therefore
tested the effect of these agents on
PCDH15 immunolocalization in hair cells
(Fig. 2). Similar to ankle link, PCDH15
localization in hair cells was sensitive to
treatment with EGTA and subtilisin but
resistant to treatment with La 3� (Fig. 2a).
Unlike the ankle link, PCDH15 was also
sensitive to elastase treatment (Fig. 2a).
During treatment with EGTA, subtilisin,
and elastase, PCDH15 immunoreactivity
could no longer be observed in hair cells.
Similar observations have been made pre-
viously for CDH23 and TrpA1 (transient
receptor potential ankyrin 1) (Corey et al.,
2004; Siemens et al., 2004), suggesting that
hair cells may rapidly shed unfolded and
degraded proteins or transport them to
the cell body. We next expressed full-
length PCDH15 in HEK293T cells and
tested its sensitivity to protease treatment.
In agreement with the studies in hair cells,
PCDH15 was sensitive to proteolytic di-
gestion by the two proteases (Fig. 2b).
These findings demonstrate that PCDH15
shares many, but not all, properties with
the ankle links; its biochemical properties
are distinct from other linkages, such as
transient lateral links and horizontal top
connectors.

To further address whether PCDH15 is
an essential component of the linkages
that connect stereocilia, we analyzed the
hair bundles from P5 Ames waltzerav3J

mice by SEM (Fig. 3). Linkages at the base
of stereocilia were clearly visible in wild-
type and mutant animals (Fig. 3a– c, e– g,
arrows). Filaments that connected the ste-
reocilia along their length were also present (Fig. 3b,g, arrow-
heads) but were more clearly visualized by TEM (Fig. 3d,h). To-
gether, our findings show that linkages at the base of stereocilia
and along their length form in the absence of PCDH15. These
results suggest that PCDH15 is not essential for the formation of
at least some linkages. Indeed, it may not be part of any linkage.
Alternatively, the linkage systems may be more complex and
composed of several types of filaments that differ in their molec-
ular composition; only a subset may be missing in the Ames
waltzerav3J mice, or removal of PCDH15 from linkages may not
cause complete disassembly of the linkages.

PCDH15 is required for hair bundle development in the
cochlea and vestibule
Previous studies have reported that, in Ames waltzerav3J mice, hair
bundles in cochlear hair cells are disrupted shortly after birth,
whereas vestibular hair cells are affected several weeks later (Ala-
gramam et al., 2000, 2001b, 2005). To distinguish functions of

PCDH15 in hair bundle development and maintenance and to
determine more precisely the morphological changes, we ana-
lyzed cochlear and vestibular hair bundles at different develop-
mental ages. At E18, both outer and inner cochlear hair cells of
wild-type mice contained stereocilia that were assembled into a
bundle with a kinocilium in the center. The bundles were aligned
parallel to the long axis of the cochlear duct (Fig. 4a,b,e,f). In
Ames waltzerav3J mice, hair cells had formed stereociliary bundles
and contained a kinocilium (Fig. 4c,d,g,h). The bundles were dif-
ficult to visualize in outer hair cells because stereocilia appeared
short and were not strictly aligned along the length of the cochlear
duct (Fig. 4c,d). The bundles were more clearly visible in inner
hair cells but still appeared disorganized (Fig. 4g,h). Unlike in
wild-type hair cells, the kinocilium of a hair cell in the mutants
was frequently located toward the edge of the cell and flanked by
the longest stereocilia, which were in close apposition to the ki-
nocilium (Fig. 4g,h). Defects were more pronounced at P0.
Whereas wild-type hair cells at the basal end of the cochlea had

Figure 4. Hair bundle development in wild-type (wt) and Ames waltzerav3J (av3J) mice. Cochlear whole mounts were stained
with phalloidin (green) to reveal F-actin in stereocilia and an antibody against acetylated tubulin (red) to reveal kinocilia. a– d,
Outer hair cells in wild-type and mutant animals at E18. Arrows point to kinocilia of hair cells within the hair bundle. The asterisks
indicate kinocilia on support cells between hair cells. e– h, Inner hair cells in wild-type and mutant animals at E18 and at P0 (i–l ).
Arrows point to kinocilia in hair cells. Note the symmetric organization of the hair bundles in wild-type but not mutant animals.
Scale bars, 5 �m.
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formed nice bundles that were polarized
in the apical hair cell surface and con-
tained a centrally located kinocilium (Fig.
4i,j), bundles in the mutants appeared
shorter and less well organized, and the
kinocilia were frequently shifted to ectopic
positions; the bundles also failed to de-
velop a clear polarity in the apical hair cell
surface. By P5, some bundles in the mu-
tants finally established polarity, but orga-
nized rows of stereocilia could rarely be
detected (Fig. 5a– e). Although some ste-
reocilia in the mutants appeared to have
reached a similar length as in wild-type
mice, many of the stereocilia were short
and malformed, with phalloidin-labeled
swellings toward the tips (Fig. 5c,e). These
findings demonstrate that kinocilia and
stereocilia form in the absence of PCDH15
and form a rudimentary bundle that
shows defects in stereociliary morphology
and cohesion and in the polarization of
the hair bundle in the apical hair cell sur-
face. Lower-power images of the sensory
epithelium and quantification of hair
bundle orientation confirmed that the
polarity defect extended throughout the
cochlear duct (supplemental Fig. S2, avail-
able at www.jneurosci.org as supplemen-
tal material). In contrast to previous find-
ings, high-resolution images revealed
stereociliary defects also in the utricle and
saccule of P5 animals. Whereas vestibular
hair cells in wild-type mice had formed
hair bundles with a typical staircase orga-
nization, stereocilia bundles in the mutant
were disorganized (Fig. 5f,g). The number
of stereocilia per hair cell appeared re-
duced, a staircase arrangement was less
apparent, and hair cells frequently con-
tained one or several stereocilia that were
abnormally long and thick (Fig. 5h–j).
Together, our findings extend previous
studies and demonstrate that PCDH15 is
essential for the normal development of
stereociliary bundles in cochlear and
vestibular hair cells. We also demon-
strate that, in PCDH15-deficient Ames
waltzerav3J mice, several parameters of hair
bundle development are affected, includ-
ing bundle cohesion and polarity.

The cytoplasmic domain of PCDH15
binds to MYO7A
Previous studies have shown that muta-
tions in the genes encoding PCDH15,
CDH23, MYO7A, sans, and harmonin
lead to deafness in humans. Mice with
mutations in the orthologs of these genes
have defects in hair cell stereocilia (Ahmed
et al., 2003a; Whitlon, 2004). To assess
whether PCDH15 acts in a common path-
way with any of these genes, we searched

Figure 5. Hair bundle development in wild-type (wt) and Ames waltzerav3J (av3J) mice. Whole mounts were stained with
phalloidin (green) to reveal stereocilia. a– e, Inner hair cells of wild-type and mutant animals at P5. Note the abnormal morphol-
ogy of the hair bundles in the mutants and the abnormal shape of the stereocilia with bulb-like enlargements toward the tips.
Many of the stereocilia in hair cells from mutant mice also appeared to be reduced in length (b, c, e). f–j, Vestibular hair cells of
mutant and wild-type animals at P5. Stereocilia in wild-type mice formed bundles with a staircase arrangement. Bundles in the
mutants were abnormally shaped. Most notably, the number of stereocilia in a bundle was reduced, and abnormally thick and
elongated stereocilia were visible. Scale bars: a– c, 5 �m; d, e, 1.5 �m; f, g, 12 �m; h–j, 3.5 �m.
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for biochemical interactions. In agree-
ment with previous findings (Reiners et
al., 2005), we demonstrated that the
C-terminal PDZ binding domain of
PCDH15 binds to harmonin (supplemen-
tal Fig. S3, available at www.jneurosci.org
as supplemental material). We also
searched for interactions between
PCDH15 and MYO7A. We expressed
PCDH15 and MYO7A fragments fused to
GFP in HEK293 cells and performed co-
immunoprecipitation experiments (Fig.
6). A fragment encompassing the tail do-
main of MYO7A, but lacking its motor
domain, or a shorter fragment consisting
of the SH3 homology domain and parts of
the C-terminal MyTH4 domain could be
coimmunoprecipitated with PCDH15
(Fig. 6a,b). We performed GST pull-down
experiments to confirm that the interac-
tion between PCDH15 and MYO7A was
direct. Fusion proteins between GST and
the SH3-MyTH4 domain or the SH3 do-
main of MYO7A bound to the PCDH15
cytoplasmic domain (Fig. 6a,c). These
findings demonstrate that PCDH15 and
MYO7A can directly interact with each
other.

We next analyzed interactions between
MYO7A and the PCDH15 cytoplasmic
domain in the context of cellular mem-
branes. For this purpose, we coexpressed
in cell lines a GFP-tagged MYO7A-tail
construct with a fusion protein consisting
of the extracellular and transmembrane
domain of E-cadherin fused to the cyto-
plasmic domain of PCDH15 (Ecad-
PCDH15cyto) (Fig. 7a). As a control, we
coexpressed the GFP-tagged MYO7A-tail
construct with fusion protein consisting
of the extracellular and transmembrane
domain of E-cadherin fused to an HA tag
(Ecad-HA) (Fig. 7a). In transfected cells,
Ecad-HA and Ecad-PCDH15cyto localized to cell– cell contacts
that formed between transfected cells (Fig. 7b,c). MYO7A-GFP
was recruited to cell– cell contacts only in cells expressing Ecad-
PCDH15cyto (Fig. 7b,c). These findings extend our biochemical
studies and demonstrate that the PCDH15 cytoplasmic domain
can recruit MYO7A to the cell membrane. The results also raise
the possibility that PCDH15 is similarly required to recruit
MYO7A to the membrane of hair cell stereocilia.

Localization of MYO7A and PCDH15 in Ames waltzerav3J and
shaker-1 mice
To test whether PCDH15 is required for MYO7A localization in hair
cells, we compared the subcellular distribution of both proteins in wild-
type mice, PCDH15-deficient Ames waltzerav3J mice, and MYO7A-
deficient shaker-1 mice. As described above, PCDH15 was localized to-
ward the base of stereocilia in P5 cochlear hair cells from wild-type mice
(Fig. 8a). In agreement with previous findings, we observed that
MYO7A was expressed more broadly throughout stereocilia (Hasson et
al., 1997). High-resolution image analysis of hair bundles revealed that
MYO7A staining was punctate (Fig. 8a). A significant fraction of

MYO7Awaslocalizedtowardthebaseofstereociliainasimilarregionto
PCDH15 (Fig. 8a, arrows). Bright MYO7A puncta were also visible in
the cuticular plate (Fig. 8a, arrowheads) and along the length of the
stereocilia and below their tips (Fig. 8a). In PCDH15-deficient Ames
waltzerav3J mice,MYO7Adistributionwasperturbed. Insomehaircells,
MYO7A staining was absent, whereas in others MYO7A was mislocal-
ized with high expression in the cuticular plate and at stereociliary tips
(Fig. 8b). In MYO7A-deficient shaker-1 mice, PCDH15 was no longer
localizedtostereocilia(Fig.8c).However,PCDH15wasstillexpressedin
shaker-1 mice, as confirmed by Western blotting (data not shown). We
next performed several control experiments. First, we analyzed
PCDH15 expression in hair cells from CDH23-deficient waltzer mice,
which show splayed bundles similar to MYO7A-deficient mice.
PCDH15 localization was unaffected, providing strong evidence that
mislocalization of PCDH15 in shaker-1 mice was not simply a conse-
quence of stereociliary splaying (Fig. 8c). Similarly, CDH23 was still lo-
calized at the tips of stereocilia in PCDH15-deficient Ames waltzerav3J

mice (Fig. 8d). In MYO7A-deficient shaker-1 mice, some of the CDH23
protein was more broadly distributed along the length of stereocilia, but
it was still prominently localized toward stereociliary tips (Fig. 8d). To-

Figure 6. PCDH15 binds to MYO7A. a, Diagram of the MYO7A protein and the constructs that were used for the biochemical
experiments. b, Cells were transfected with PCDH15 and the GFP-tagged MYO7A constructs indicated at the top. Immunoprecipi-
tations (IP) were performed with GFP antibodies, and proteins were resolved by SDS-PAGE. PCDH15 was visualized by Western
blotting (WB). Top, PCDH15 coimmunoprecipitated with the MYO7A tail domain or a smaller construct containing the SH3 domain
and C-terminal MyTH4 homology domain of MYO7A. Middle and Bottom, Extracts were directly analyzed for the expression of
PCDH15 and GFP-tagged MYO7A constructs without immunoprecipitation to confirm that the transfected proteins were expressed
to similar levels. c, The indicated GST-tagged MYO7A constructs were used for pull-down experiments using the in vitro translated
PCDH15 cytoplasmic domain. Top, GST-MYO7A-SM and GST-MYO7A-SH3 were able to interact with PCDH15, whereas GST alone
did not bind. As a control, the input PCDH15 before GST pull-down was loaded on the gel. Bottom, Coomassie blue staining
revealed that all GST constructs were used in similar amounts.
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gether, these findings show that PCDH15 and MYO7A protein are ex-
pressed in a partially overlapping pattern in stereocilia. In addition,
PCDH15 expression is no longer observed in stereocilia of MYO7A-
deficient shaker-1 mice, whereas MYO7A localization in stereocilia is
perturbed in PCDH15-deficient Ames waltzerav3J mice. The data also
demonstrate that the distribution of PCDH15 in hair cells is indepen-
dent of the distribution of CDH23 and vice versa, suggesting that both
proteins are part of distinct protein complexes.

Mechanotransduction in hair cells of Ames waltzerav3J mice
Previous studies have shown that MYO7A is required not only for
hair bundle morphogenesis but also for normal mechanotrans-
duction (Kros et al., 2002). We therefore analyzed the mechano-
transduction properties of hair cells in PCDH15-deficient Ames
waltzerav3J mice. First, we imaged uptake of the fluorescence dye
FM1-43, which can enter hair cells through open mechanotrans-
duction channels (Gale et al., 2001; Meyers et al., 2003). The

experiments were performed with whole
mounts of cochlear and utricular sensory
epithelia from P5–P10 mutant mice and
wild-type littermates. FM1-43 rapidly en-
tered hair cells from wild-type animals, af-
ter a 10 s exposure, and diffused into cell
bodies, but hair cells from PCDH15-
deficient Ames waltzerav3J mice did not
take up the dye (Fig. 9a). Because dye up-
take in unstimulated hair bundles depends
on channels being open at rest, we won-
dered whether Ames waltzerav3J hair cells
had functional transduction but with a
stimulus–response relationship shifted
such that the channels were closed at rest.
Gale et al. (2001) reported that Myo7a6 J

mutant hair cells do not take up FM1-43
but retain the ability to transduce very
large positive bundle deflections. Thus, we
measured mechanically evoked transduc-
tion currents by deflecting hair bundles
and recording whole-cell currents from 15
hair cells (eight from homozygous Ames
waltzerav3J mice and seven from homozy-
gous wild-type littermate controls). Rep-
resentative currents are shown in Figure
9b. We were unable to evoke transduction
currents in any of the five utricular type II
or three cochlear outer hair cells from mu-
tant animals. We used a variety of stimuli,
including very large (�2 �m) positive and
negative deflections, off-axis deflections,
and a range of holding positions, all to no
avail. The mean � SE maximal current for
wild-type vestibular cells was 140 � 28 pA
(n � 4), whereas currents for wild-type
cochlear cells were 103 � 29 pA (n � 3).
Together, the data demonstrate that inner
and outer hair cells in the cochlea and type
I and type II hair cells of the vestibule not
only show morphological defects; they are
also functionally impaired. These defects
in hair bundle morphology and mechano-
transduction likely cause deafness and bal-
ance defects in Ames waltzerav3J mice.

Discussion
We demonstrate here that PCDH15-deficient Ames waltzerav3J

mice show defects in the integrity and polarity of hair bundles in
cochlear and vestibular hair cells that manifest during develop-
ment of the hair bundle and resemble those reported previously
for MYO7A-deficient shaker-1 mice (Self et al., 1998). In agree-
ment with the defects in hair bundle morphology, mechano-
transduction currents can no longer be evoked in cochlear and
vestibular hair cells from Ames waltzerav3J mice. To define the
signaling pathways that are regulated by PCDH15, we have iden-
tified some of its downstream effectors. Consistent with a previ-
ous report (Reiners et al., 2005), we show that the C terminus of
PCDH15 binds to harmonin. In addition, the cytoplasmic domain
of PCDH15 mediates interactions with MYO7A. MYO7A and
PCDH15 are expressed in hair cells toward the base of developing
stereocilia, and PCDH15 expression is drastically reduced in stereo-
cilia of MYO7A-deficient shaker-1 mice, whereas MYO7A ex-

Figure 7. Recruitment of MYO7A by the PCDH15 cytoplasmic domain. a, Diagram of PCDH15 and chimeric proteins between
the extracellular and transmembrane domain of E-cadherin fused to the PCDH15 cytoplasmic domain or a HA tag. b, c, Cells were
transfected with the constructs indicated on the left. E-cadherin fusions to the PCDH15 cytoplasmic domain or an HA tag were
visualized by staining with antibodies that detect the PCDH15 cytoplasmic domain or the HA tag, respectively. Myosin localization
was determined by GFP fluorescence. Arrows point to cell– cell contacts between transfected cells. Note that E-cad-PCDH15cyto
and E-cad-HA were recruited to cell– cell contacts, but MYO7A was only recruited in cells expressing E-cad-PCDH15-cyto. Scale
bars, 12 �m.
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pression is drastically reduced in stereocilia
of PCDH15-deficient Ames waltzerav3J

mice. Together, the findings suggest that
PCDH15 and MYO7A cooperate to regu-
late the development of hair bundles in
cochlear and vestibular hair cells.

Previous studies have demonstrated
that hair bundles of cochlear hair cells in
PCDH15-deficient mice are shaped ab-
normally at early postnatal ages, whereas
vestibular hair cells were reported to be
affected several weeks later (Alagramam et
al., 2000, 2001b, 2005). It therefore has re-
mained unclear whether PCDH15 has a
primary function in hair bundle develop-
ment or maintenance, or different func-
tions in cochlear and vestibular hair cells.
Our findings now clarify this issue. Con-
sistent with the expression time course of
PCDH15, we demonstrate that the devel-
opment of cochlear and vestibular hair
bundles is affected in Ames waltzerav3J

mice. The kinocilium and stereocilia start
to develop in PCDH15-deficient hair cells
and are assembled into a rudimentary hair
bundle. However, the stereocilia in the
mutants appear disorganized and the ki-
nocilium is frequently mislocalized to-
ward one side of the apical hair cell sur-
face. It therefore appears that PCDH15 is
required for maintaining the integrity of
the developing hair bundle and possibly
for the movement of the hair bundle that
leads to its polarization in the apical hair

4

Figure 8. Localization of PCDH15 and MYO7A in wild-type
(wt) and mutant mice. Inner hair cells of P5 animals are
shown. a, The left panel shows cells from a wild-type mouse
stained for PCDH15 (red) and F-actin (green; same cell as that
shown in Fig. 1C ). The middle and right panels show a cell
stained for F-actin (green) and MYO7A (red). Note that two
rows of stereocilia could be resolved. PCDH15 and MYO7A
were localized toward the base of the longest stereocilia (ar-
rows); MYO7A was also localized to the cuticular plate (ar-
rowheads) and toward tips of stereocilia. b, MYO7A localiza-
tion in PCDH15-deficient Ames waltzerav3J mice. In some hair
cells, MYO7A could still be visualized, but it was mostly found
at the apical hair cell surface and also at tips of stereocilia
(arrows). In many hair cells, MYO7A could no longer be de-
tected. Note that the wild-type control includes the hair cell
shown at higher magnification in a. c, PCDH15 localization in
MYO7A-deficient shaker-1 mice and CDH23-deficient waltzer
mice. PCDH15 could no longer be detected in stereocilia in
shaker-1 mice but was still confined toward the base of ste-
reocilia in waltzer mice. Note the disorganization of the ste-
reociliary bundles in the waltzer mice. d, CDH23 localization
in PCDH15-deficient Ames waltzerav3J mice and MYO7A-
deficient shaker-1 mice. CDH23 was still localized at the tips
of stereocilia in the two mouse strains. Note that, in the Ames
waltzerav3J mice, stereocilia were splayed but less affected
than in shaker-1 mice. Because of the strong variations in
stereociliary length in shaker-1 mice, it was more difficult to
resolve CDH23 distribution, but it was clearly detectable at
tips (arrows). Scale bars: a, 5 �m; b– d, 4 �m.
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cell surface. Consistent with the defects in hair bundle morpho-
genesis, FM1-43 uptake assays and single-cell recordings demon-
strated that mechanotransduction current could not be evoked in
cochlear or vestibular hair cells from Ames waltzerav3J mice. Al-
though the defects in mechanotransduction are likely a conse-
quence of the defects in hair bundle morphogenesis, our findings
do not exclude a more direct role for PCDH15 in mechanotrans-
duction as well.

PCDH15 is an attractive candidate for contributing to the
extracellular filaments that connect hair cell stereocilia into a
bundle, but it is still unclear whether it is an essential component
of any of the filaments. Electron microscopic studies have re-
vealed a variety of filaments that connect stereocilia into a bundle.
In mice, these include ankle links and transient lateral links in
developing hair cells and horizontal top connectors and tip links
in mature hair cells. During development, the longest stereocilia
are also connected to the kinocilium by kinociliary links (Good-
year et al., 2005 and references therein). Recent studies have pro-
vided evidence that CDH23 is a component of kinociliary links,
transient lateral links, and tip links (Boeda et al., 2002; Siemens et
al., 2002, 2004; Sollner et al., 2004; Lagziel et al., 2005; Michel et

al., 2005; Rzadzinska et al., 2005). The phosphatidylinositol lipid
phosphatase PTPRQ has been shown to be required for the for-
mation of lateral links that connect stereocilia and likely is a
component of these linkages (Goodyear et al., 2003). We show
here that PCDH15 shares many features with ankle links. It is
transiently expressed toward the base of stereocilia, in which an-
kle links are transiently present. Agents that disrupt ankle links,
such as EGTA and subtilisin, affect the localization of PCDH15 in
hair cells, whereas La 3�, which does not affect ankle links, also
does not affect PCDH15 localization. These biochemical features
clearly distinguish PCDH15 from other linkages such as transient
lateral links and top connectors (not sensitive to any of the treat-
ments) or the tip link (not sensitive to subtilisin) (Osborne and
Comis, 1990; Assad et al., 1991; Goodyear and Richardson, 1999;
Kachar et al., 2000; Goodyear et al., 2005). However, unlike the
ankle link, PCDH15 localization is sensitive to elastase. Further-
more, filaments that connect stereocilia at the ankle region and
along their length are detectable in PCDH15-deficient Ames
waltzerav3J mice. How can these findings be reconciled? As one
possibility, PCDH15 may not be a part of any of the linkage
systems. Although members of the cadherin superfamily such as
classical cadherins function as homophilic cell adhesion mole-
cules, there is little evidence that protocadherins mediate adhe-
sive interactions important for their function (Frank and Kemler,
2002). Alternatively, linkages that connect stereocilia may be mo-
lecularly more heterogenous than indicated by the names given
to individual linkages. Consistent with this model, studies in sev-
eral species have shown that stereocilia are coated with a dense
network of filaments during development, which becomes re-
fined during hair cell maturation (Goodyear et al., 2005 and ref-
erences therein). Some of the filaments may contain PCDH15,
and absence of a subset of filaments would be difficult to detect by
electron microscopy. This issue can be resolved once antibodies
to the extracellular domain of PCDH15 are available that are
suitable for immunogold labeling.

Pcdh15 belongs to a small group of genes that have been linked
to deaf blindness [Usher syndrome type I (USH1)] and several
nonsyndromic forms of deafness. Besides PCDH15, these genes
encode CDH23, harmonin, MYO7A, and sans. Mutations in the
murine orthologs of any of the USH1 proteins lead to defects in
the structure of hair bundles (Ahmed et al., 2003a; Whitlon,
2004). Biochemical studies have furthermore demonstrated that
harmonin can form homomeric complexes and bind to CDH23,
PCDH15, MYO7A, and sans (Boeda et al., 2002; Siemens et al.,
2002; Adato et al., 2005). It therefore has been suggested that the
proteins form a network that regulates hair bundle morphogen-
esis (Adato et al., 2005). However, several lines of evidence sug-
gest that the situation is more complex. First, USH1 proteins are
likely not present simultaneously in the same protein complexes
because the binding sites for several proteins overlap. For exam-
ple, PCDH15 and CDH23 bind to the PDZ2 domain of harmo-
nin; CDH23, MYO7A, sans, and the C terminus of harmonin
bind to the PDZ1 domain of harmonin (this study) (Boeda et al.,
2002; Siemens et al., 2002; Adato et al., 2005; Reiners et al., 2005).
Second, we demonstrate here that PCDH15 and CDH23 have a
distinct subcellular distribution in developing hair cells. Al-
though CDH23 is localized toward the tips of stereocilia,
PCDH15 is localized toward the base. Third, we show that the
localization of CDH23 is not perturbed in PCDH15-deficient
mice and vice versa, suggesting that the two proteins are appro-
priately localized in hair cells independent of each other. These
data are consistent with a model in which the transmembrane
receptors PCDH15 and CDH23 assemble distinct protein com-

Figure 9. Mechanotransduction in hair cells of Ames waltzerav3J mice. a, Cochlear and ves-
tibular whole mounts that had been incubated for 10 s with 5 �M FM1-43 are shown. FM1-43
(red) was taken up by cochlear and vestibular hair cells from wild-type (wt), but not Ames
waltzerav3J (av3J), mice. In the cochlea, hair cells were counterstained with phalloidin (green) to
reveal F-actin. b, Examples of transduction currents in wild-type and Ames waltzerav3J mice. For
both genotypes, a representative family of currents is shown for both a utricular type II and
cochlear outer hair cell. Transduction currents were absent in all eight mutant cells examined.
The bundle displacement protocol is shown at the bottom. Scale bar, 7.5 �m.
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plexes in different locations in hair cells. The precise composition
of these protein complexes in vivo as well as their function in hair
cells still need to be defined. In the current study, we have taken a
first step toward this goal. We demonstrate that the PCDH15
cytoplasmic domain can bind to the tail domain and MYO7A and
is sufficient to recruit MYO7A to the cell membrane of cells trans-
fected to express these proteins. Because MYO7A binds F-actin
(Udovichenko et al., 2002), the findings suggest that it links
PCDH15 to the actin cytoskeleton. Consistent with the in vitro
findings, the expression of PCDH15 is drastically reduced in ste-
reocilia of MYO7A-deficient shaker-1 mice, whereas MYO7A ex-
pression is drastically reduced in stereocilia of PCDH15-deficient
Ames waltzerav3J mice. Although additional experiments are nec-
essary to address this issue, our findings raise the possibility that
complex formation between PCDH15 and MYO7A is important
for protein targeting and/or maintenance of the protein complex
at target sites. Because MYO7A is an actin-based molecular mo-
tor, it is tempting to speculate that the protein complex serves to
adjust tension force within the stereociliary cytoskeleton. Impor-
tantly, PCDH15 also binds to harmonin, which can bind MYO7A
and F-actin (this study) (Boeda et al., 2002; Siemens et al., 2002;
Adato et al., 2005; Reiners et al., 2005), suggesting that PCDH15
may be linked to the stereociliary cytoskeleton by multiple mech-
anisms. Defects in the hair bundle in Ames waltzerav3J mice [as
well as shaker-1 mice (Self et al., 1998)] could be, at least in part,
a consequence of defects in tension that is required to stabilize the
base of stereocilia and provide cohesion between rows of stereo-
cilia during rearrangements that lead to the development of a
polarized bundle.
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