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Mechanoelectrical transduction, the conversion of mechanical
force into electrochemical signals, underlies a range of sensory
phenomena, including touch, hearing and balance. Hair cells of
the vertebrate inner ear are specialized mechanosensors that
transduce mechanical forces arising from sound waves and
head movement to provide our senses of hearing and balance'
however, the mechanotransduction channel of hair cells and the
molecules that regulate channel activity have remained elusive.
One molecule that might participate in mechanoelectrical trans-
duction is cadherin 23 (CDH23), as mutations in its gene cause
deafness and age-related hearing loss®>. Furthermore, CDH23 is
large enough to be the tip link, the extracellular filament
proposed to gate the mechanotransduction channel’. Here we
show that antibodies against CDH23 label the tip link, and that
CDH23 has biochemical properties similar to those of the tip
link. Moreover, CDH23 forms a complex with myosin-1c, the
only known component of the mechanotransduction apparatus®,
suggesting that CDH23 and myosin-1c cooperate to regulate the
activity of mechanically gated ion channels in hair cells.

The mechanically sensitive organelle of the hair cell, the hair
bundle, contains dozens of actin-rich stereocilia and a single
microtubule-based kinocilium (Fig. la). Mechanotransduction
channels are located towards stereociliary tips and open or close
on deflection of the stereocilia' . Excitatory stimuli stretch a gating
spring, an elastic element that gates the mechanotransduction
channels’. Of the extracellular filaments that interconnect stereo-
cilia or stereocilia and the kinocilium, only the 150-200-nm tip link
is correctly positioned to control opening of mechanotransduction
channels”". The molecular composition of the tip link is not
known, but it has similarities with links between kinocilia and
stereocilia; both structures are recognized by an antibody against an
unknown protein termed the tip link antigen''. The tip link also
shares features with cadherins. Not only does the tip link mediate
adhesive interactions between adjacent plasma membranes, but
Ca* chelating agents disrupt the tip link'® and cadherin adhesive
function'. Because single cadherin domains span approximately
4nm", homophilically interacting CDH23 molecules, with 27
cadherin domains each, could span >200 nm.

Two alternatively spliced CDH23 isoforms differing with respect
to the inclusion of exon 68, encoding part of the intracellular
CDH23 domain, have been described®>'* (Fig. 1b). Using polymer-
ase chain reaction with reverse transcription (RT-PCR), we
detected messenger RNAs encoding CDH23(468) and
CDH23(—68) in inner ears of adult mice; CDH23(+68) was
prominent in the inner ear but was not detected in other tissues
(Fig. 1c and data not shown). To localize CDH23 protein, we used
an antibody (CDH23*cyto) that recognizes the cytoplasmic domain
of both isoforms, and another antibody (CDH23%*68) that is specific
for CDH23(4-68) (Supplementary Fig. 1). At postnatal days 0 and 5
(P0 and P5, respectively), when cochlear hair cells are immature and
contain a kinocilium, CDH23*cyto detected CDH23 in the devel-
oping hair bundle and in Reissner’s membrane (Fig. le, g, h). By
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Figure 1 CDH23 expression in mouse inner ears. a, Stereocilia are connected through tip,
lateral and ankle links, and to the kinocilium through kinocilia links. b, CDH23 protein.
Exon 68 is present only in CDH23(+68). TM, transmembrane domain. ¢, Analysis of

CDH23 expression in the vestibule (VE), cochlea (Co), brain (Br) and vibrissae (Vi). E17,
embryonic day 17; P17, postnatal day 17; 3mo, 3 months. d—f, Section of a P5 cochlea.
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d, e, CDH23*cyto (red) stained hair cells (HC) and Reissner’s membrane (R) in wild-type
(WT) but not in Cdh23-deficient waltzer mice. f, CDH23*68 stained hair bundles only.
g, h, CDH23 (red) in immature PO cochlear hair cells was distributed throughout the hair
bundle (h) (green, phalloidin). i—k, CDH23 in mature hair cells was confined to
stereociliary tips, but was absent in waltzer mice. Scale bars: d—f, 40 pm; g—k, 1.25 pm.

Figure 2 CDH23 expression in hair cells. a, b, Whole-mount bullfrog saccules were stained
with CDH23*cyto antibody (red) and with phalloidin (green). Optical sections were cut through
hair bundles at levels approximately as indicated. CDH23 was localized towards stereociliary
tips. ¢, d, Isolated bullfrog hair cells were stained with anti-tubulin (blue) (€), and CDH23*cyto
(red) and phalloidin (green) (¢, d). In ¢ the intensity gain was decreased during imaging to
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highlight CDH23 localization at the stereocilium—kinocilium interface (thick arrow). CDH23
was also localized at stereociliary tips (thin arrows). e—j, Immunogold electron microscopy in
mouse (e) and bullfrog (f—j) hair cells; CDH23 was found at the tip link (arrows indicate
localization of all gold particles inimage). j, Primary antibody was omitted (arrows point to tip
link). Scale bars: a, b, 11 pm; ¢, d, 5pm; e, 100 nm.
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contrast, CDH23*68 detected CDH23(+68) only in the hair bundle
(Fig. 1f). At P42, when hair cells are mature and have lost their
kinocilium, CDH23 was still expressed in cochlear hair cells, but
only near stereociliary tips (Fig. 1i). In vestibular hair cells, which
reach maturity around birth, CDH23 was confined by P5 to
stereociliary tips (Fig. 1k). No CDH23 immunoreactivity was
observed in Cdh23-deficient waltzer mice (Fig. 1d, j).

The CDH23*cyto antiserum cross-reacted with bullfrog CDH23
(Supplementary Fig. 2), allowing the analysis of CDH23 expression
in bullfrog hair cells, which are larger than mouse hair cells and do
not lose their kinocilium. Optical sections, oriented perpendicular
to the hair bundle, revealed that CDH23 was concentrated near
stereociliary tips (Fig. 2a, b). In isolated hair cells, CDH23 was
concentrated where the tallest stereocilia contact the kinocilium and
at stereociliary tips (Fig. 2¢, d).

To test further whether CDH23 is a tip link component, we used
immunoelectron microscopy with the same CDH23*cyto antibody
that specifically labelled stereociliary tips in wild-type but not in
waltzer mice as analysed by immunofluorescence microscopy
(Fig. 1i-k). The antibody labelled the tip link in mouse and bullfrog
hair cells (Fig. 2e—i). More than half (57%) of all gold particles
(n = 192) were found at stereociliary tips, where the lower end of
the tip link is expected to insert into stereocilia. The position of the
side plaque marking the upper end of each tip link can be inferred
from the position of the shorter adjacent stereocilium, and is several
hundred nanometres higher (see Methods); 23% of the gold
particles were detected in this position. Ten per cent of the gold
particles were distributed randomly along stereocilia, and 10% were
located outside stereocilia. We observed immunogold labelling
intracellularly at tip link insertion points and extracellularly close

to the plasma membrane. The length of the two-antibody sandwich
(approximately 20-30 nm) and membrane rupture at tip links'>"’
might account for the apparent extracellular localization of gold
particles. We observed similar extracellular immunogold localiza-
tion when detecting the membrane phospholipid phosphatidyl-
inositol-4,5-biphosphate in hair bundles (data not shown). We
observed between 1 and 12 gold particles at tip link insertion
sites: several gold particles were probably observed because more
than one CDH23 molecule may be present; furthermore, the
antibody is expected to recognize several epitopes within the
~268-amino-acid cytoplasmic domain of CDH23. No labelling
was observed with secondary antibody alone (Fig. 2j). In bullfrog,
CDH23*cyto also labelled kinociliary links (Supplementary Fig. 3;
gold particles excluded from quantification).

The tip link is disrupted on exposure of hair cells to Ca®"
chelators and La®" (refs 10, 18). Treatment of hair cells with
EGTA (Fig. 3a-d) or BAPTA (data not shown) abolished bundle
staining of CDH23 in approximately 75% of the hair cells. Instead,
intense staining was observed in the pericuticular necklace (Fig. 3b),
a vesicle-rich compartment at the apical hair-cell surface'. This
CDH23 pool could arise from new synthesis, redistribution from
the soma, or redistribution from stereocilia. In bundles that
retained immunoreactivity, labelling in stereocilia was usually dis-
tributed more longitudinally than in controls (data not shown),
supporting the latter hypothesis. Tip links reappear 12-24 h after
removal of Ca** chelators®; similarly, we detected robust CDH23
immunoreactivity 24 h after removal of EGTA or BAPTA (Fig. 3d).
Finally, treatment with La”" not only disrupted the tip link but also
caused immediate loss of CDH23 immunoreactivity from stereo-
cilia. In contrast to results with Ca®" chelators, no elevated
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Figure 3 Biochemical properties of CDH23. a—d, Bullfrog saccules were treated with
EGTA and stained with CDH23*cyto (red) and phalloidin (green). After EGTA treatment,
CDH23 disappeared from stereocilia and appeared at the apical hair-cell surface; on
EGTA removal, CDH23 reappeared in the bundle after 24 h (recovery). e, f, La>*
treatment caused loss of CDH23 immunostaining. g, Recombinant CDH23 protein
expressed in HEK293 cells was sensitive to elastase (E) but not subtilisin (S). Control
tubulin protein was insensitive to both proteases. h—j, Cell aggregation assays.
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h, L-CDH23 and L-ECDH cells formed aggregates. L-CDH23 aggregates were disrupted
by EGTA. i, The aggregation index was determined®® (N — N+/N; where N is the
number of particles with EGTA and N1 is the number of particles without EGTA). Mean and
standard deviation are shown. j, Dil-labelled L-CDH23 cells (red) formed mixed
aggregates with Di0-labelled L-CDH23 cells (green), but not with L-ECDH cells (green).
Aggregation was blocked by EGTA. Scale bars: a—f, 8 um; h, j, 60 um.
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pericuticular necklace labelling was observed after treatment with
La’t (Fig. 3e, f).

The tip link is sensitive to proteolytic digestion by elastase, but
not by subtilisin, which cleaves ankle links***>. We expressed the
full-length CDH23 mRNA in HEK293 cells, treated them with
elastase and subtilisin, and detected CDH23 by western blotting.
CDH23 was degraded by elastase, but not by subtilisin (Fig. 3g).

CDH23 may connect stereocilia by a homophilic binding mecha-
nism. To test CDH23 adhesive function, we established 1929 cell
lines expressing full-length CDH23 (L-CDH23 cells) or, as a control,
E-cadherin (L-ECDH cells) (Supplementary Fig. 4). In cell aggrega-
tion assays, L-ECDH cells and L-CDH23 cells, but not parental L929
cells, formed aggregates; aggregation was inhibited by EGTA
(Fig. 3h, i). Because aggregation of L-CDH23 cells might be
mediated by homophilic interactions between CDH23 molecules
or by heterophilic interactions with another cell surface receptor, we
labelled cell lines with the fluorescence dyes Dil and DiO, and
analysed aggregate formation by immunofluorescence microscopy.
Dil-labelled L-CDH23 cells formed mixed aggregates with DiO-
labelled L-CDH23 cells, but not with parental L929 cells or with
L-ECDH cells (Fig. 3j). L-CDH23 and L-ECDH cells segregated
into separate aggregates (Fig. 3j), whereas parental 1929 cells
remained as single cells (data not shown). These findings demon-
strate that CDH23 mediates Ca®*-dependent, homophilic cell
adhesion.

Myosin-1c (MYOI1CQ) is localized at stereociliary tips* and acts as
an adaptation motor for the mechanotransduction channel®. To test
whether MYO1C and CDH23 can interact directly or indirectly, we
coexpressed in HEK293 cells MYO1C and a fusion protein contain-
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ing the cytoplasmic domain of CDH23 and the transmembrane
and extracellular domains of the interleukin-2 receptor (IL2R)"
(Fig. 4a). As a control, we expressed a construct lacking the CDH23
cytoplasmic domain (IL2ZR-ACyto). All constructs were expressed
efficiently (Fig. 4b, middle and bottom panels). MYO1C co-pre-
cipitated with IL2R-CDH23(—68) and IL2R-CDH23(+468), but
not with IL2R-ACyto (Fig. 4b, top panel). Similarly, IL2R-
CDH23(+68), but not IL2ZR-ACyto, co-precipitated with MYO1C
(Fig. 4c). Using immunofluorescence microscopy of transfected
cells (Fig. 4d; see also Supplementary Fig. 5), we found that both
molecules co-localized at the cell periphery. Co-localization was
dependent on the CHD23 cytoplasmic domain.

We provide here six lines of evidence supporting the proposal
that CDH23 is a tip link component. First, CDH23 localizes at tip
links. Second, CDH23 localizes to kinociliary links, which are
immunologically related to tip links''. Third, reagents that disrupt
tip link integrity, such as La®* and EGTA'®'®, perturb CDH23
subcellular distribution in hair cells. Fourth, elastase disrupts the tip
link®' and cleaves CDH23 protein, whereas both tip links and
CDH23 resist subtilisin proteolysis, which is known to cleave the
ankle link*. Fifth, CDH23 mediates homophilic interactions, and
Ca®" chelators that disrupt the tip link disrupt CDH23 adhesive
function. Sixth, CDH23 co-immunoprecipitates with MYO1C, the
motor for slow adaptation of the mechanotransduction channel
that is localized near stereociliary tips®. In agreement with our
findings, tip links are absent in zebrafish that carry a mutation in the
cdh23 gene™. Our findings suggest an explanation of why CDH23
expression was not previously detected in mouse hair cells after P30
(ref. 25); that is, the kinocilium is not maintained in adult mouse
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Figure 4 Interaction of IL2R—-CDH23 with MYO1C. a, Diagram of MYO1C and of fusion
proteins containing the extracellular and transmembrane domain of IL2R and the
cytoplasmic domain of CDH23. b, Extracts from HEK293 cells transfected to express the
constructs indicated on top of the panel were immunoprecipitated (IP) with IL2R or MYO1C
antibodies. Proteins were visualized by western blotting (WB). As expression control,
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extracts were analysed without immunoprecipitation. ¢, MYO1C co-precipitated with
IL2R-CDH23(—68) and IL2R-CDH23(+-68), but not with IL2R-ACyto. ¢, IL2R—
CDH23(+4-68) but not IL2R—-ACyto co-immunoprecipitated with MYO1C. d, Transfected
cells were stained with IL2R (red) and MYO1C (green) antibodies. MYO1C co-localized
with IL2R-CDH23(+68) but not with IL2R-ACyto. Scale bar: 3.5 pm.

953




letters to nature

hair cells, and low expression at stereociliary tips may have pre-
vented detection.

Our data are consistent with a model where CDH23 connects
stereociliary tips, possibly by a homophilic binding mechanism.
Because the tip link forks into two strands at its upper end and is
larger in diameter than a cadherin dimer'®, the tip link is probably
constructed of more than one CDH23 homophilic dimer. It may
contain additional molecules such as the tip link antigen'', which
could engage in heterophilic interactions with CDH23. Because
adaptation requires >50 MYO1C molecules per tip link** and the
transduction channel must be in series between the tip link and
motor complex, MYO1C and CDH23 probably interact in hair cells
and in tissue culture cells through intermediate molecules.
Although CDH23 has been shown to have a role in the maintenance
of hair bundles during development®, our findings suggest that its
role in adult hair cells is to form kinocilia links and tip links, which
transmit force to mechanically gated ion channels. A dual function
for CDH23 in developing and adult hair cells could explain the
phenotypic variability caused by mutations in the Cdh23 gene.
Mutations that affect assembly and maintenance of hair bundles
probably inactivate Cdh23 function’. In contrast, age-related hear-
ing loss is caused by polymorphisms in an exon that encodes part of
the extracellular domain®. This mutation may reduce CDH23
adhesive function and affect transduction channel gating. d

Methods

Antibodies and immunohistochemistry

The method to prepare and purify CDH23*cyto has been described'. CDH23*68 was
raised in rabbits against a glutathione S-transferase (GST) fusion protein containing
amino acids 3,133-3,291 of CDH23. The antiserum was affinity purified against a peptide
with the amino acid sequence encoded by exon 68. Additional reagents were: anti-IL2R
antibody (UBI), anti-MYO1C* and anti-tubulin antibody (Sigma), anti-E-cadherin
antibody (Transduction Labs), and fluorescein isothiocyanate—phalloidin (Molecular
Probes). Immunohistochemistry was carried out as described'*"”. For staining of whole
mounts, bullfrog sacculi were isolated in low Ca*™ saline (10 mM HEPES pH 7.4, 3mM
D-glucose, 2 mM MgCl,, 2 mM KCl, 110 mM NaCl, 0.1 mM CaCl,) and, where indicated,
treated for 15-20 min with 5mM La®>*, EGTA or BAPTA. For recovery, sacculi were
incubated for 24 h at 18 °C in 80% MEM (GibcoBRL) containing 25 mM HEPES.

Immunogold electron microscopy

Tissues (6-8-week-old mice and adult bullfrogs) were fixed in 3.7% formaldehyde, 0.025%
glutaraldehyde in 0.1 M phosphate buffer pH 7.4 for 1 h at room temperature, washed with
150 mM NaCl and 10 mM Tris-HCI, pH 7.4 (TBS), blocked in TBS containing 10% horse
serum and 0.05% Tween 20 (TBS/HS), and incubated with CDH23*cyto antibody in
TBS/HS overnight at 4 °C. Samples were incubated with 5nm gold anti-rabbit antibody
(Amersham) in TBS/HS, 1 mM sodium azide at 4 °C for 48-72 h, and post-fixed for 1 h
with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer pH 7.4. Samples were fixed
for 1 h in 1% osmium tetroxide, dehydrated, embedded in Epon resin, and 50-75-nm
sections were cut, placed on copper grids, stained for 1 h with 2% uranyl acetate in 50%
ethanol for 45 min with lead citrate, and imaged in a Philips EM 208 microscope. The
procedure produces good gold labelling, but tip links are less apparent”. The position of
the side plaque marking the upper tip link end can be inferred from the position of the
shorter adjacent stereocilium. The side plaque should be higher on the adjacent
stereocilium by dsinf, where d is tip link length (150-200 nm) and 6 is the angle it forms
relative to the tip of the short stereocilium (approximately 60°). The plaque can move up
by 50-100 nm if tip links break®, and the membrane at the shorter stereocilium can be
tented upwards by >25 nm'’. We looked for gold particles associated with stereocilia tips,
and at a level 100-300 nm higher than the tip of the shorter adjacent stereocilium. Gold
particles were also counted elsewhere along stereocilia and on sections outside hair cells
and at the apical hair-cell surface.

Complementary DNA clones

CDH23 was cloned by RT-PCR from mouse vestibular RNA. A 5'- and 3'-fragment was
amplified (primers: 5'-ACCATGAGGTACTCCCTGGTCACA-3', 5'-
GCCAGGAATGTCCACACTCTGG-3'; and 5 -GAATGACATCAATGACAATGTGCC-3',
5'-AAAGCTTTCACAGCTCCGTGATTTCCAGAGG-3'). During amplification, a
HindlII site was introduced after the CDH23 stop codon. The fragments were cloned into
pCRbluntII (Invitrogen). EcoRI-AafIl and AatII-HindIlI sites were used to clone the
fragments into pcDNA3.1 (Invitrogen). Mouse MYO1C cDNA was amplified from
IMAGE clone 5344331 (primers: 5'-ATAAGCTTACCATGGAGAGCGCCTTGACTG-3',
5'-ATGAGATCCTCACCGAGAATTCAGCCGTGG-3") and cloned into the HindIll—
BamHI site of pcDNA3.1. The IL2R-ACyto, IL2R-CDH23(+68) and IL2R-CDH23(—68)
constructs have been described™.

Cell aggregation assays
1929 cells were transfected with pSV2neo (ATCC) and expression vectors for E-cadherin
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or CDH23. Clones were selected in 500 pgml ™' G418 (GibcoBRL) and analysed by
western blotting. One CDH23-expressing clone was enriched by fluorescence-activated
cell sorting. For cell aggregation assays, cells were trypsinized in HBSS containing 0.05%
trypsin and 0.02% EDTA; soybean trypsin inhibitor (Sigma) was added to 0.05%, the cells
were triturated, washed with MEMa medium (GibcoBRL) containing 10% horse serum,
and re-suspended in the same medium supplemented with 50 pg ml~' DNase I (Roche)
and 25 mM HEPES, pH 7.4. Cells (1 X 10°) were seeded in 0.5 ml medium into 24-well
plates and rotated at 100 rotations per minute at 37 °C for 24 h. Where indicated, EGTA
was added to 3 mM. Cells were fixed with 200 pl 25% glutaraldehyde. The aggregate
number was quantified with a Coulter Counter”. Where indicated, cells were labelled with
Dil or DiO (Molecular Probes).

Immunoprecipitation and immunocytochemistry

HEK293 cells were transfected with 1 pg DNA of each plasmid. After 24-36 h, extracts were
prepared in RIPA buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1% NP40, 0.5% deoxycholate,
0.1% SDS, 1 mM phenylmethylsulphonyl fluoride and 10 pg ml ™" aprotinin) and used for
western blotting or immunoprecipitation'*. For protease treatment, transfected HEK293
cells were washed with HBSS containing 10 mM HEPES (HHBSS) and treated with
elastase or subtilisin (both Sigma) for 10 min at room temperature. Cells were washed on
ice with HHBSS containing 2 mM PMSF and a protease inhibitor cocktail (Roche), lysed
in 50 mM HEPES, pH 7.4, 150 mM NaCl, 1.5 mM MgCl,, 1 mM CaCl,, 10% (vol/vol)
glycerol, 1% Triton and protease inhibitor cocktail, and analysed by western blotting.
Immunocytochemistry was carried out as described”.
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Hair cells have highly organized bundles of apical projections, or
stereocilia, that are deflected by sound and movement. Displace-
ment of stereocilia stretches linkages at the tips of stereocilia that
are thought to gate mechanosensory channels'. To identify the
molecular machinery that mediates mechanotransduction in
hair cells, zebrafish mutants were identified with defects in
balance and hearing®. In sputnik mutants, stereociliary bundles
are splayed to various degrees, with individuals displaying
reduced or absent mechanotransduction®*. Here we show that
the defects in sputnik mutants are caused by mutations in
cadherin 23 (cdh23). Mutations in Cdh23 also cause deafness
and vestibular defects in mice and humans®, and the protein is
present in hair bundles'®''. We show that zebrafish Cdh23
protein is concentrated near the tips of hair bundles, and that
tip links are absent in homozygous sputnik'>'’¢ larvae. More-
over, tip links are absent in larvae carrying weak alleles of cdh23
that affect mechanotransduction but not hair bundle integrity.
We conclude that Cdh23 is an essential tip link component
required for hair-cell mechanotransduction.

Stereocilia are interconnected by extracellular filaments, and
several linkages have been identified on the basis of their position
along the bundle and sensitivity to proteases or calcium chelators'*™".
These include ankle links near the base of the bundle, lateral links or
shaft connectors in the medial part, and tip links near the stereo-
ciliary tips. Tip links are postulated to be a part of the mechano-
transduction apparatus and are thought to physically tug open
transducer channels when bundles are deflected in the excitatory
direction'®. The other links appear to make important structural

NATURE | VOL 428 | 29 APRIL 2004 | www.nature.com/nature

©2004 Nature Publishing Group

letters to nature

contributions to bundle architecture and stiffness. Although some
biochemical properties have been characterized'*'®, the molecular
identity of these extracellular filaments is unknown. One exception
is the lower lateral links, also called shaft connectors, which are
absent in protein tyrosine phosphatase receptor Q knockout mice'’.
In addition, mutations that disrupt the integrity of hair-cell bundles
in animal model organisms have identified unconventional myosins
and novel cadherins as having a function in normal bundle
formation and integrity'**.

In zebrafish, several auditory and vestibular mutants have been
described with defects in bundle integrity>*°. Mutant sputnik larvae
have splayed hair bundles and mechanotransduction is affected>*.
The recessive alleles of sputnik vary in strength, ranging from an
obvious defect in bundle integrity and lack of extracellular receptor
potentials to a fairly weak phenotype in which very few bundles are
splayed and yet extracellular potentials are reduced by two-thirds.

To identify sputnik, we meiotically mapped the sputnik locus
(allele #264a), defining the critical interval by scoring over 2,500
homozygous mutant larvae with polymorphic markers (Fig. 1a). A
chromosomal walk was initiated and a clone within the critical
interval, PACc (BUSMP706A1551Q0), was shotgun sequenced
(Fig. la). Four exons of c¢dh23 were found on PACc and rapid
amplification of cloned ends with polymerase chain reaction (RACE
PCR) was used to generate the full-length sequence. Zebrafish cdh23
encodes a 3,366 amino acid protein containing 27 ectodomains or
extracellular repeats followed by a single transmembrane domain
and a carboxy-terminal tail (Fig. 1b). The zebrafish Cdh23 protein is
68% identical and shares 81% similarity with the respective human
and mouse CDH23 proteins®”. Using PCR with reverse transcrip-
tion (RT), we detected two additional splice variants of cdh23
messenger RNA (Fig. 1b). Exon 68, which encodes a portion of
the intracellular domain, is present only in the full-length form. We
sequenced complementary DNAs from homozygous mutant larvae
and detected nonsense and missense mutations, or insertions
(Fig. 1b).

To determine where cdh23 was expressed, we examined mRNA
levels using in situ hybridization. mRNA was first detected in the
embryonic ear at 24 h post-fertilization (h.p.f.) and at all later stages
(Fig. 1c—e). The two patches of cells, which are clearly labelled at
opposite ends of the otic vesicle, are the first hair cells to develop and
express hair-cell-specific genes®™*' (Fig. 1c). At later stages, cdh23
mRNA was also detected in the brain, olfactory organ and in a subset
of cells within the eye (data not shown). In the neuroepithelium of
the ear and lateral line neuromasts, cdh23 was expressed exclusively
in hair cells (Fig. 1d, e). Hybridization with a sense probe did not
yield a detectable signal (Supplementary Fig. 1).

In live, undissected sputnik larvae, detachment of bundles from
kinocilia or splaying of stereocilia is visible, albeit at low resolution’.
In order to assess the differences between the various alleles in
sputnik larvae in more detail, we examined fluorescently labelled
bundles in intact fixed larvae (Fig. 2). In larvae carrying a frameshift
resulting in a nonsense mutation (#c317¢), almost all (94%) of the
bundles showed some splaying or were disorganized (Fig. 2b, i;
n = 48 bundles). A similar percentage of bundles was also affected
in sputnik?’® larvae carrying a nonsense mutation (data not
shown). Many bundles were splayed in sputnik%*** (74%) and
sputnik”zw’ (59%) larvae, but intact bundles were also present
(Fig. 2¢, d, i; n = 54 and n = 44 bundles, respectively). It is worth
noting that hair bundles treated with BAPTA exhibit severe splaying
and have a broad, fan-like appearance'®, suggesting that the stronger
alleles of cdh23 do not cause complete splaying. Indeed, trans-
mission electron microscopy (TEM) analysis suggests that the
degree of splaying of stereocilia in sputnik™>'”* mutants is not
severe (see Supplementary Fig. 2). In the weaker allele, tz300a,
splaying was present (38%); however, over half of the bundles
appeared to be unaffected and the degree of splaying was more
subtle (Fig. 2e, i; n = 39 bundles). Finally, in larvae carrying the
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