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Defects in myosin VIIA are responsible for deafness in
the human and mouse. The role of this unconventional
myosin in the sensory hair cells of the inner ear is not
yet understood. Here we show that the C-terminal
FERM domain of myosin VIIA binds to a novel trans-
membrane protein, vezatin, which we identified by
a yeast two-hybrid screen. Vezatin is a ubiquitous
protein of adherens cell—cell junctions, where it inter-
acts with both myosin VIIA and the cadherin—catenins
complex. Its recruitment to adherens junctions impli-
cates the C-terminal region of o-catenin. Taken
together, these data suggest that myosin VIIA,
anchored by vezatin to the cadherin—catenins com-
plex, creates a tension force between adherens
junctions and the actin cytoskeleton that is expected
to strengthen cell-cell adhesion. In the inner ear
sensory hair cells vezatin is, in addition, concentrated
at another membrane-membrane interaction site,
namely at the fibrillar links interconnecting the bases
of adjacent stereocilia. In myosin VIIA-defective
mutants, inactivity of the vezatin-myosin VIIA com-
plex at both sites could account for splaying out of the
hair cell stereocilia.

Keywords: catenins/E-cadherin/FERM domain/

myosin VIIA/vezatin

Introduction

Mutations in the genes encoding unconventional myosins
VI, VIIA and XV cause hearing loss in man and/or mouse
(Avraham et al., 1995; Gibson et al., 1995; Weil et al.,
1995; Probst et al., 1998; Wang et al., 1998). The inner ear
sensory hair cells of mice defective for any of these
unconventional myosins are characterized by anomalies of
their stereocilia (Avraham et al., 1995; Gibson et al., 1995;
Probst et al., 1998; Self et al., 1998), i.e. stiff apical
microvilli that form the hair bundle, the mechanoreceptive
structure for sound stimulation. These anomalies differ
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from one myosin defect to another, indicating different
roles for these actin-based motor molecules in the
formation and/or organization of the hair bundle. Myo7a
defective mice (shaker-1 deaf mutants) (Gibson et al.,
1995) are characterized by a splaying out of the hair cell
stereocilia (Self et al., 1998); in addition, uptake of
aminoglycosides by the hair cells is impaired (Richardson
etal., 1997). The same anomalies are observed in myo7a~"~
zebrafish mutants (mariner mutants) (Ernest et al., 2000),
suggesting that the function of myosin VIIA in the hair
cells has been preserved throughout the evolution of
vertebrates. In addition to the inner ear hair cells (Hasson
et al., 1995, 1997; El-Amraoui et al., 1996), myosin VIIA
is also present in a variety of murine organs or tissues,
including the retina, olfactory epithelium, brain, choroid
plexus, intestine, liver, kidney, adrenal gland and testis
(Sahly et al., 1997; Wolfrum et al., 1998). However, the
phenotypes associated with myosin VIIA mutations in
mice and humans have so far only comprised deleterious
alterations of the inner ear and the eye (Liu et al., 1998,
1999; Self et al., 1998). The structure of myosin VIIA is
highly conserved in vertebrates and invertebrates (Hoyt
etal., 1997; Mermall et al., 1998; Oliver et al., 1999), with
a motor head domain containing ATP and actin binding
motifs, a neck region composed of five 1Q (isoleucine/
glutamine) motifs expected to bind calmodulin and a long
tail (1359 amino acids in man). The tail begins with a short
coiled-coil domain that, by the yeast two-hybrid system,
has been shown to form homodimers (Weil et al., 1997).
This domain is followed by two large repeats of ~460
amino acids, each containing a MyTH4 (myosin tail
homology 4) and a FERM (4.1, ezrin, radixin, moesin)-
like domain, separated by a poorly conserved SH3 (src
homology type 3) domain (Chen et al., 1996;
Mermall et al., 1998; Oliver et al., 1999). The tandem
association of MyTH4 and FERM domains also exists
in other proteins (Mermall et al., 1998; Oliver et al.,
1999), arguing in favour of a functional significance
for this pairing. Moreover, FERM domains have been
shown to be involved in membrane attachment, either via
binding to phospholipids or through direct interactions
with specific transmembrane proteins (Chishti er al.,
1998). The structural diversity of the tails of unconven-
tional myosins is believed to dictate the specificity of
their functions within the cell (Hoyt er al., 1997;
Mermall et al., 1998; Oliver et al., 1999). In particular,
among the several molecules that are expected to interact
with the tail of a given myosin, some are likely to
determine the targets to which is applied the force
generated by the myosin motor head. In order to obtain
an insight into the roles of myosin VIIA, we screened for
proteins interacting with its tail using a yeast two-hybrid
system (Kiissel-Andermann et al., 2000) and identified a
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Fig. 1. Schematic representation of vezatin splice variants. For each cDNA the open reading frame (ORF) is represented by a grey box and the
putative transmembrane domain (TM), when present, by a black box. The A34 fragment (dashed line) that was identified by the yeast two-hybrid
screen is indicated (A34 prey). Two cDNA clones containing complete ORFs, A34.1 and A34.2, were obtained. The A34.1 sequence predicts an ATG
initiator codon preceded by a stop codon 18 nt upstream. It encodes a putative 569 amino acid protein, with a transmembrane domain (amino acids
96-115) but no signal peptide. A34.1 is used as a reference for nucleotide and amino acid positions. A34.2 has a distinct predicted ATG initiator
codon preceded by a stop codon 6 nt upstream. The deduced 460 amino acid protein sequence lacks the TM segment; it differs from the A34.1
sequence by the N-terminal 10 amino acids. These two cDNAs were also present in a human retinal library. In addition, partial cDNA sequences were
obtained. A34.3 and A34.5 cDNAs, which were obtained by 5'-RACE, contain short in-frame deletions (339 nt in A34.3 and two deletions of 57 and
73 nt in A34.5) in the extracellular region. A34.4, A34.5 and EST AA432068 carry a 73 nt deletion (nt 134-206) encompassing the ATG initiator
codon of A34.1, thus resulting in an upstream extension of the ORF. In A34.2 and A34.3 cDNAs a 12 nt in-frame insertion (+12) at nt position 749
(amino acid 249) was observed. In A34.6 and several ESTs (see Materials and methods) a 1072 nt deletion (—1072), covering nt 1869-2940 of A34.1,
results in an ORF extension of 182 amino acids into the 3’-untranslated region. Finally, EST AA432068 encodes a putative vezatin variant with a
short cytoplasmic tail, which lacks the myosin VIIA interacting domain (nt 1188—1889). Stars indicate the positions of the two human peptides,

A34P1 and A34P2, used to generate antibodies.

novel transmembrane protein of adherens cell junctions,
which we named vezatin.

Results

Identification of vezatin, a novel transmembrane
protein interacting with the C-terminal FERM
domain of myosin VIIA

The C-terminal region of myosin VIIA, corresponding to
the MyTH4 and FERM domains (i.e. the last 464 amino
acids), was used as the bait in the yeast two-hybrid system.
Since myosin VIIA is expressed in the retina (Hasson et al.,
1995; El-Amraoui et al., 1996; Liu et al., 1997), a yeast
two-hybrid library expressing human retinal proteins fused
with the GAL4 transcriptional activating domain was
screened (Kiissel-Andermann et al., 2000). A first prey
composed of 234 amino acids encoded by clone A34 was
considered to be a myosin VIIA specific ligand as no
interaction could be observed with two control proteins,
namely lamin C and merlin/schwannomin, which also
possess a FERM domain (data not shown). A longer cDNA
clone, A34.1 (DDBJ/EMBL/GenBank accession No.
AF216644), containing an entire open reading frame
(Figure 1), was subsequently isolated from a human retinal
cDNA library (see Materials and methods). The deduced
amino acid sequence predicted a 569 amino acid protein
(mol. wt 65.4 kDa) with a single putative transmembrane
domain (amino acids 96-115) and a potential C-terminal
intracytoplasmic region of 454 amino acids (von Heijne
and Gavel, 1988; Rost et al., 1995). This protein showed
no similarity with any known protein and was named
vezatin (derived from Slovenian vezati = bind, connect)

based on functional considerations (see below). Com-
parison of the sequences of additional cDNA clones,
5’-RACE-PCR products and ESTs (see Materials and
methods) with available human genome sequences
demonstrated the existence of multiple vezatin splice
variants (Figure 1). None of these sequences extended
upstream of that of A34.4 (see Figure 1 and Materials and
methods). One of the other cDNA clones isolated, A34.2
(DDBJ/EMBL/GenBank accession No. AF277625), also
contained an entire open reading frame with a distinct
ATG initiator codon and coded for a predicted protein with
no transmembrane domain (Figure 1).

We generated polyclonal antibodies against the
C-terminal region of vezatin (see Materials and methods).
In line with the variety of predicted isoforms (see Figure 1),
immunoblot analysis of murine tissues (inner ear, retina,
brain, lung, kidney and heart) showed several bands, with
two major ones of ~125 and 90 kDa (Figure 2A). In the
various epithelial (Caco-2, LLCPK, MDCK, HEK293 and
HeLa) and non-epithelial (NIH 3T3 and PC12) cell lines
tested two predominant bands of 125 and 90 kDa were
also detected (data not shown). These two bands were also
detected by antibodies generated against two peptides
from the predicted extracytoplasmic N-terminal region
(see Materials and methods and Figure 1) (data not
shown).

To confirm the interaction of myosin VIIA with vezatin,
the mammalian cell line HEK293 was co-transfected with
plasmids encoding the myosin VIIA tail (amino acids
848-2215) and A34.2 (460 amino acids) tagged with myc
(see Materials and methods). Cell extracts were incubated
with either anti-myosin VIIA or anti-myc antibodies.

6021



P.Kiissel-Andermann et al.

A &
@ 2 A
T &
a & o o P o
200 — . i s
—
BIT= | . g —§
FIE: — S e P

45 -
—

B

kDa 1 2 3 4 5 .

200 =

- D — ~Myosin VIIA
|

4'?'_. - am e - 7342

c 0
: c o
a & & & K
kDa '
. .g M
- S— ; -l

Fig. 2. Vezatin binds to the C-terminal FERM domain of myosin

VIIA. (A) Expression of vezatin in adult mouse tissues. Total protein
extracts (10 pg/lane) from six different tissues of 10-day-old mice were
immunoblotted with the anti-mA34 antibody. Multiple vezatin isoforms
are observed in all tissues. The higher bands may correspond to vezatin
isoforms with large extracellular domains (see Figure 1). (B) Binding
of vezatin to the myosin VIIA tail in co-transfected HEK293 cells.
Extracts from co-transfected cells expressing both the myc-tagged
A34.2 peptide and the myosin VIIA tail (lane 3) were used for co-
immunoprecipitation experiments; the myosin VIIA tail and A34.2
peptide are co-immunoprecipitated with either the anti-myosin VIIA
(lane 4) or the anti-myc (lane 5) antibody. When using extracts from
HEK?293 cells producing the myc-tagged A34.2 peptide alone (lane 1),
no immunoprecipitate forms with the anti-myosin VIIA antibody

(lane 2). (C) Binding of vezatin to the myosin VIIA C-terminal

FERM domain. A standard amount of Caco-2 cell lysate containing
endogenous vezatin (5% of which is shown in lane SN) was incubated
with avidin resins coated with different biotinylated myosin VIIA
peptides (bait, amino acids 1752-2215; BdC2, 1752-1931; BdNI,
1896-2215) or a biotinylated control protein, chloramphenicol
acetyltransferase (CAT). Vezatin binds to either the bait peptide

or the BAN1 fragment containing only the FERM domain, but

not to BAC2 lacking the FERM domain or to CAT.

A34.2 and the myosin VIIA tail were co-immunoprecipi-
tated in both cases (Figure 2B). In addition, in in vitro
binding and pull down experiments a biotinylated A34
peptide (amino acids 336-569) and endogenous vezatin
(Figure 2C) bound to the C-terminal myosin VIIA tail
fragment corresponding to the original bait, respectively.
They also both bound to an N-terminal truncated version
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of the bait containing only the FERM domain. In contrast,
both failed to bind to a truncated C-terminal bait
containing only the MyTH4 domain (see Figure 2C for
endogenous vezatin). Taken together, these results demon-
strate that vezatin specifically interacts with the C-terminal
FERM domain of myosin VIIA.

Co-localization of the myosin VIIA tail and vezatin
at cell-cell junctions

We analysed the localization of both the myosin VIIA tail
and vezatin in epithelial cells (see Materials and methods).
In isolated MDCK cells both the myosin VIIA tail and
vezatin displayed a cytoplasmic distribution. However, as
soon as cell—cell contacts developed the myosin VIIA tail
(Figure 3A) was recruited to cell—cell junctions together
with vezatin (Figure 3B and C). Triton X-100 treatment of
these cells in culture did not affect the myosin VIIA tail
(Figure 3D-F) or vezatin (not shown) staining, revealing
that the two molecules belong to insoluble protein
complexes present at cell-cell contacts. Interestingly,
when unpermeabilized MDCK cells were incubated with
two antibodies directed against the predicted extracyto-
plasmic region of vezatin (see Materials and methods)
both antibodies labelled the cell surface, demonstrating
that vezatin is a transmembrane protein.

Recruitment of vezatin at adherens junctions
Immunofluorescence analysis of mouse tissue sections
showed the presence of vezatin in all epithelia tested (i.e.
skin, intestine, lung, liver, kidney and pancreas); the bulk
of the immunoreactivity was present at cell-cell contacts
(Figure 4A—C). Moreover, in all epithelial cell lines cited
above vezatin staining was also seen at the cell—cell
junctions (not shown). This led us to study in more detail
the localization of vezatin during the establishment of
cell-cell contacts in MDCK cells. In semi-confluent
MDCK cultures we observed a punctate vezatin staining
of the plasma membrane at the sites of initial cell-
cell contacts, whereas non-contacting membranes were
unlabelled (Figure 4D). The membrane labelling was
reminiscent of E-cadherin-positive puncta identified as
intermediates in adherens junction formation (Yonemura
et al., 1995; Adams et al., 1996, 1998; Angres et al., 1996;
Vasioukhin et al., 2000). Accordingly, double immuno-
labelling experiments showed that vezatin (Figure 4D) and
E-cadherin (Figure 4E) co-localized at these sites
(Figure 4F). At cell confluence both vezatin (Figure 4G)
and E-cadherin (Figure 4H) were broadly distributed along
the adherens junction (Figure 41 and J). In the murine skin,
intestine, liver and pancreas epithelia the two proteins also
co-localized at adherens junctions (not shown). In contrast,
no co-localization of vezatin and desmoglein (a desmo-
some-specific protein) was detected in the murine skin or
intestine nor was any vezatin immunoreactivity detected
at the focal adhesion sites of NIH 3T3 fibroblasts (not
shown). These results identify vezatin as a ubiquitous
protein of adherens junctions.

Interaction of vezatin with the cadherin-catenins
complex

We subsequently tested whether vezatin localizes to
adherens junctions mediated by different types of
cadherins. To this end, we studied the subcellular
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Fig. 3. Co-localization of endogenous vezatin and the myosin VIIA tail fused to GFP in transfected MDCK cells. As soon as cell contacts can be
detected, the myosin VIIA tail (A) co-localizes with endogenous vezatin (B) at the precise membrane sites of the cell—cell contacts (C). The same
result was obtained with a GFP-myosin VIIA tail fragment composed of the last 464 amino acids of myosin VIIA (not shown). After Triton X-100
treatment the GFP—myosin VIIA tail (D) is still associated with the actin complex (E) at the cell-cell junctions (F). Bar, 10 um.

distribution of vezatin in L cells and S180 fibroblasts
stably transfected with either chicken E-cadherin or
N-cadherin (see Materials and methods). In untransfected
L (not shown) and S180 cells (Figure 5A), which do not
express any known cadherin and do not form cell—cell
contacts (Nagafuchi and Takeichi, 1989), vezatin dis-
played a cytoplasmic distribution. However, the protein
was intensively recruited at the contacts established
between cells stably transfected with either cadherin
(Figure 5B and C). Altogether, these results suggest that
vezatin is associated with the cadherin—catenin complex
known to play a key role in cell—cell adhesion (Geiger and
Ayalon, 1992; Kemler, 1993). Although weak cell—cell
adhesion is obtained by a homophilic interaction of the
sole cadherin ectodomain, a strong adhesion state is only
reached when o-catenin, which links the cadherin—§3-
catenin complex, binds to the actin cytoskeleton
(Nagafuchi and Takeichi, 1988; Ozawa et al., 1990;
Aberle et al., 1994; Stappert and Kemler, 1994; Rimm
et al., 1995; Yap et al., 1997). To test whether vezatin
belongs to the cadherin—catenins complex associated with
adherens junctions, we performed immunoprecipitation
experiments using anti-vezatin antibodies from extracts of
MDCK cells, E- or N-cadherin transfected L cells and
S180 fibroblasts. Vezatin co-immunoprecipitated with E-
or N-cadherin and - and o-catenins (see Figure 6A).

To analyse further the interaction of vezatin with the
cadherin—catenins complex, we took advantage of several
stably transfected L cells that express human E-cadherin
(L-hEcad) carrying different cytoplasmic deletions
(L-hEcadA cells) and that still form cell-cell contacts

(Lecuit et al., 2000). Whereas junctional vezatin labelling
was observed in L-hEcad cells (Figure SD-F), no signal
was detected at adherens junctions in L-hEcadACyto
(Figure 5G-I) and L-hEcadACB cells (Figure 5J-L),
expressing truncated E-cadherin lacking the cytoplasmic
domain (amino acids 582-728) or the B-catenin binding
site (amino acids 693-728), respectively. In contrast,
vezatin was detected at the junctions of L-hEcadAPR cells
expressing E-cadherin lacking the p120 catenin binding
domain (amino acids 582-655) (Figure 5M-0). To
determine the relative contribution of the C-terminal
region of E-cadherin and of o- and B-catenins to the
targeting of vezatin to adherens junctions, we used a
chimeric construct in which the E-cadherin transmem-
brane domain is directly fused to the last 398 C-terminal
amino acids of o-catenin (E-cad/o-ctn). A similar
chimeric protein has been shown to interact with actin
and to support strong cell—-cell adhesion (Nagafuchi et al.,
1994). In E-cad/o-ctn-transfected L cells intense junc-
tional vezatin staining was detected (Figure 5P-R). In
addition, using anti-vezatin antibodies o.-catenin was co-
immunoprecipitated with vezatin from L-hEcadACyto and
L-hEcadACB cell extracts (Figure 6A). A small fraction of
B-catenin could be detected in the complex immuno-
precipitated with the antibody to vezatin (Figure 6A). This
may represent a fraction associated with o-catenin.
Having shown that vezatin interacts with the C-terminal
region of o-catenin, it was of interest to test whether it
simultaneously interacts with myosin VIIA and the
E-cadherin—catenin complex. As shown in Figure 6B,
using an anti-myosin VIIA antibody the myosin VIIA
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vezalin E-cadherin overlay

Fig. 4. Vezatin at cell—cell contacts. (A—C) Expression of vezatin in
adult mouse tissues. (A) Oblique section of a P20 mouse intestinal
villosity. The vezatin immunoreactivity is mainly localized at the
cell—cell junctions of the epithelial cells. The connective tissue is
also immunoreactive. (B) P20 mouse skin. The bulk of the vezatin
immunoreactivity is located between epidermal cells. A punctate
labelling is also detected in the derma. (C) P20 mouse lung. An
intense vezatin staining is observed between the epithelial cells of
the bronchial tube. (D-J) Co-localization of vezatin with E-cadherin at
cell—cell contacts. MDCK cells were grown to either semi-confluence
(D-F) or confluence (G-J). Vezatin (D and G) and E-cadherin (E and
H) co-localize at cell-cell contacts (F, I and J). (J) A computer-
generated Z view (vertical axis) reconstructed from a series of cross-
sections, showing the co-distribution of vezatin and E-cadherin along
the lateral cell membrane. Co-localizations in the double staining
experiments are shown on merged images (F, I and J). Bar, 10 um.

tail was co-immunoprecipitated along with vezatin,
E-cadherin and B- and o-catenins from extracts of myosin
VIIA tail-expressing MDCK cells.

Vezatin in the inner ear sensory hair cells

In the inner ear myosin VIIA expression is restricted to the
sensory hair cells. It is present throughout the murine hair
cells, including the stereocilia (Hasson et al., 1995, 1997;
El-Amraoui et al., 1996), i.e. the stiff actin-filled micro-
villi forming the mechanoreceptive structure. Based on the
strong and locally restricted myosin VIIA immuno-
reactivity observed in the basal part of the stereocilia in
the frog (Hasson et al., 1997), a possible association
between myosin VIIA and the ankle links, i.e. fibrous
structures that interconnect the basal part of the stereocilia
(Tilney et al., 1988; Goodyear and Richardson, 1999), has
been proposed. The distribution of vezatin in the hair cells
was studied by immunohistofluorescence, using antibodies
directed against either the intra- or extracellular domain of
vezatin. A similar labelling pattern was observed with both
antibodies. Vezatin was detected at the adherens junctions
between the sensory hair and supporting cells. Ultra-
structural analysis of the cochlear and vestibular hair cells
revealed an intense vezatin labelling at these junctions
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(Figure 7A), as well as myosin VIIA staining (Figure 7B).
In addition, conspicuous vezatin labelling was observed at
the base of the hair cell stereocilia (Figure 7C—H), which
was shown to face the ankle links by immunoelectron
microscopy (Figure 7C). The two following observations
indicate that vezatin is tightly associated with the ankle
links. In the mouse we observed a post-natal decrease in
vezatin immunoreactivity at the base of the stereocilia
(almost undetectable at P30) (not shown) that coincided
with progressive disappearance of the ankle links
(R.Goodyear, personal communication). In contrast, in
the chicken, where the ankle links persist throughout life
and can be labelled by a monoclonal antibody directed
against an ankle link antigen (ALA) (Figure 7L), vezatin
immunoreactivity was still present in adult animals
(Figure 7K) and co-localized with the ALA labelling
(Figure 7M).

Discussion

We report here the identification of a novel transmembrane
protein, vezatin, which binds to the C-terminal FERM
domain of the unconventional myosin VIIA. Therefore,
the FERM domain of myosin VIIA behaves similarly to
those of the 4.1 and ERM proteins, which bind to specific
membrane proteins allowing their attachment to the
plasma membrane (Chishti et al., 1998). Several argu-
ments support the conclusion that vezatin anchors myosin
VIIA to adherens junctions: (i) myosin VIIA and vezatin
co-localize at adherens junctions, as shown by immuno-
electron microscopy of inner ear hair cells; (ii) the GFP-
tagged myosin VIIA tail is recruited to initial sites of
cell—cell contacts in transfected MDCK cells and persists
at adherens junctions upon Triton X-100 treatment; (iii) in
extracts of these transfected cells the myosin VIIA tail
could be co-immunoprecipitated with vezatin and the
cadherin—catenins complex using anti-myosin VIIA anti-
bodies. The normal distribution of vezatin in hair cells of
the severe myosin VIIA defective shaker-1 mutant SB4626
(kindly provided by K.Steel, Nottingham, UK) (data not
shown) suggests that the vezatin subcellular distribution is
myosin VIIA independent. Based on the present data, we
propose that forces generated by myosin VIIA clustered to
adherens junctions by its direct and indirect binding to
vezatin and cadherin, respectively, increase the tension
between the plasma membrane and the actin cytoskeleton.
This should have a strengthening effect on the adhesion
between adjacent cells. The requirement of a ‘myosin
activity’ to strengthen cell—cell adhesion has recently been
postulated (Adams and Nelson, 1998), but has so far only
been supported by indirect evidence. In particular, a rodent
unconventional myosin, myr 3, has been observed at the
cell—cell contacts of cultured fibroblasts (Stoffler et al.,
1995, 1998) and recently, in pull down assays, cingulin,
a protein of the cytoplasmic plaques of tight junctions,
was shown to interact with both ZO-1, itself binding to
occludin, and with the conventional myosin II (Cordenonsi
et al., 1999). Therefore, the present results provide a new
role for unconventional myosins, i.e in cell-cell adhesion.
These motor proteins have previously been shown to be
involved in the formation and movement of cellular
processes, in vesicle mobility and in signal transduction
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Fig. 5. Vezatin interacts with the cadherin—catenin complex. (A—C) Localization of vezatin in S180 cells expressing chicken E-cadherin (L-CAM)

or N-cadherin (N-cad). In S180 fibroblasts (A), which lack E-cadherin and adherens-like junctions, vezatin is distributed throughout the cytoplasm.

In contrast, in stably transfected S180 cells expressing chicken L-CAM (B) or N-cadherin (C) an intense vezatin labelling is detected at cell—cell
contacts. (D-R) Vezatin localization in transfected L2071 cells expressing different truncated E-cadherin (D-O) or E-cadherin—o-catenin chimeras
(P-R). In L cells stably transfected with the entire human E-cadherin (L-hEcad), vezatin (D) as well as E-cadherin (E) is recruited to the cell—cell
contacts (F). In contrast, in L cells stably expressing hEcad lacking either the cytoplasmic domain (L-hEcadACyto) (G-I) or the B-catenin binding
domain (L-hEcadACB) (J-L) vezatin has a cytoplasmic localization. In L cells expressing hEcad lacking the p120-catenin binding site (L-hEcadAPR)
vezatin is recruited to the cell junction (M—-O). In L cells expressing the E-cadherin—ci-catenin chimera, linking the E-cadherin transmembrane domain
directly to the last 398 C-terminal amino acids of o-catenin, vezatin is detected at the cell-cell junctions (P-R). Note the cytoplasmic localizations of

vezatin and E-cadherin—o-catenin chimera (arrowheads). Bar, 10 pm.

(Richardson et al., 1997; Mermall et al., 1998; Oliver et al.,
1999; Titus, 1999).

Vezatin at adherens junctions has a double interaction
with the actin filaments networks, via the unconventional
myosin VIIA and via the cadherin—catenins complex. Our
results indicate that vezatin is first recruited to adherens
junctions via an interaction with o-catenin and then
anchors myosin VIIA to these sites. However, vezatin may

simultaneously be involved in the two actin interaction
pathways via two distinct binding sites, since anti-myosin
VIIA antibody co-immunoprecipitated vezatin, E-cadherin
and o- and B-catenin. The role of vezatin in cells that do
not express myosin VIIA remains to be elucidated, as it
remains to be established whether or not vezatin directly
binds to o-catenin. It is noteworthy that both the
interaction of vezatin with o-catenin, which is known to
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Fig. 6. Inmunoprecipitation experiments in transfected cells

expressing different forms of E-cadherin. (A) Extracts from L cells
expressing the entire human E-cadherin (hEcad), human E-cadherin
lacking the cytodomain (hEcadACyto) or the B-catenin binding

domain (hEcadACB) and from S180 cells expressing the entire chicken
N-cadherin (cNcad) were used. Vezatin, o-catenin and [3-catenin are
co-immunoprecipitated by an anti-vezatin antibody in cells transfected
with either E- or N-cadherin cDNAs. In addition, vezatin and o-catenin
are co-immunoprecipitated in cells producing the truncated E-cadherin
variants (lanes hEcadACyto and hEcadACB), whereas only a very small
fraction of B-catenin, compared with control (hEcad), is detected in

the immunoprecipitate. The preimmune serum (lane C) was used as

a negative control. S, soluble fraction. (B) In extracts from HEK293
cells expressing myosin VIIA tail (lane 2) the myosin VIIA tail
co-immunoprecipitates with vezatin, E-cadherin, B-catenin and
o-catenin, using an anti-myosin VIIA antibody. No immuno-
precipitation was observed with extracts from non-transfected

cells (lane 3). Lane 1 contains the soluble fraction.

play a key role in the establishment of strong cell—cell
adhesion (Aberle et al., 1994; Rimm et al., 1995), and its
ubiquitous expression qualify this molecule as a possible
important contributor to the formation and maintenance of
adherens junctions.

In murine inner ear sensory hair cells vezatin is present
at adherens junctions with supporting cells. Vezatin is also
concentrated in another site of membrane—membrane
interaction, namely at the attachment sites of a subset of
lateral links, the ankle links, interconnecting the bases of
the stereocilia. These links form concomitantly with the
emergence of the stereocilia from the apical cell surface
(Tilney et al., 1988). Further characterization of the
extracellular region of vezatin should clarify whether
vezatin makes up the ankle link or is tightly associated
with it. In addition, since myosin VIIA is present all along
the stereocilia, at least in mammals, it is likely that this
myosin interacts, via an as yet unidentified protein, with
the other lateral links of the stereocilia. Direct interaction
of the myosin VIIA tail with vezatin at the ankle links
attachment sites suggests that a tension force is applied to
these structures, which should no longer be viewed as inert
links between stereocilia. According to the proposed
dynamic role of the vezatin—myosin VIIA interaction, this
interaction at the base of the stereocilia should contribute
to the cohesion of the hair bundle during development of
the stereocilia. Moreover, a possible role for the vezatin—
myosin VIIA interaction at adherens junctions on the
orientation of the stereocilia should also be considered.
Indeed, the resulting stabilization of adherens junctions
could in turn stabilize the dense meshwork of apical
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horizontal filaments (the cuticular plate) (Slepecky, 1996;
Eaton, 1997), which is linked to the actin filament rootlets
of the stereocilia (Hirokawa and Tilney, 1982). Therefore,
we suggest that the interaction of vezatin with myosin
VIIA fully accounts for the splaying out of hair cell
stereocilia, which characterizes the sensory hair cells of
myosin VIIA-defective mutants.

In conclusion, by searching for a ligand of myosin VIIA,
we identified a protein corresponding to what had
long been the missing link between the E-cadherin—
catenin—actin junctional complex and the actinomyosin-
based contractile system (Adams and Nelson, 1998). We
anticipate that vezatin plays a pivotal role in the
establishment of adherens junctions and their maintenance
in adult life.

Materials and methods

Sequence analysis

To isolate the A34 c¢cDNA, a human retinal cDNA library in Agtll
(Clontech) was screened. Sequence analysis revealed four overlapping
cDNAs designated A34.1, A34.2, A34.4 and A34.6 (see Figure 1). The
5’-RACE-PCR performed to extend the A34 sequence resulted in two
amplification products, A34.3 and A34.5 (Figure 1). A search with the
A34.1 sequence as a query in the EST databases, using the BLAST 2.0
algorithm, identified >100 human ESTs, covering almost the entire length
of A34.1, and 12 murine ESTs showing 80-90% nucleotide identity
with the human sequence. The longest EST clones were completely
sequenced; however, none of them extended beyond the GC-rich
5’-region of A34.4. Sequence comparison of the cDNA and EST clones
with available genome sequences revealed multiple splice variants
differing in their extra- or intracellular regions. Seven alternative splicing
sites in the cytoplasmic domain and six in the extracellular region were
identified (see Figure 1).

The helical transmembrane segment present in some of these isoforms
was predicted by the PHDhtm (Rost et al., 1995) (http://www.
heidelberg.de/Services/index.html) and PSORT II (http://psort.nibb.
ac.jp) programs.

Antibody production

Different rabbit polyclonal anti-vezatin antibodies were generated: anti-
mA34 was raised against a Hisg-tagged A34 murine protein derived from
EST W33426 (mA34, orthologous to amino acids 317-568 of A34.1);
anti-hA34P1 and anti-hA34P2 were directed against two epitopes in the
extracytoplasmic domain of human vezatin (see Figure 1), hA34P1
(CFENSPLYQYLQDLGH) and hA34P2 (CTTEGQQKPPTRVLPK),
respectively. The specificity of the immunopurified antibodies was
checked by immunoblot and immunofluorescence analyses. The anti-
mA34 antibody detected a sole band on cell extracts expressing the
human myc-tagged A34.2 protein. All antibodies, anti-mA34, anti-
hA34P1 and anti-hA34P2, gave the same distribution patterns in inner ear
hair cells and MDCK cells. Substitution of preimmune sera for the
purified anti-vezatin antibodies and pre-adsorption of the antibodies with
the corresponding antigen were used as negative controls.

Immunoprecipitation, in vitro binding and pull down
experiments

The myosin VIIA tail (amino acids 848-2215) was reconstituted from
several cDNAs by PCR and restriction enzyme site cloning
(Kiissel-Andermann et al., 2000). Transient transfections were performed
using Lipofectamine Plus (Gibco) following the manufacturer’s protocol.
Cells were collected 1-2 days after transfection and processed as
described (Kiissel-Andermann et al., 2000). To produce the myosin VIIA
biotinylated fusion proteins, i.e. the bait and its truncated forms, the
following constructs were generated in PinPoint Xa (pXa) vectors
(Promega): pXal-bait (amino acids 1752-2215), pXal-BdC2 (amino
acids 1752-1931) and pXa2-BdN1 (amino acids 1896-2215). Bacteria
containing the biotinylated A34 peptide (amino acids 336-569 of A34.1)
or Caco-2 cells expressing endogenous vezatin were lysed in binding
buffer (50 mM Tris—HCI pH 7.5, 150 mM NaCl, 5 mM MgCl,, | mM
EDTA, 10% glycerol, 0.5% NP-40) supplemented with a mixture of
proteinase inhibitors. Immunoprecipitation and in vitro binding were
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Fig. 7. Co-localization of vezatin, myosin VIIA and the ankle link antigen (ALA) in the inner ear. (A—C) Immunoelectron microscopy of the mouse
cochlea, showing the ultrastructural distribution of vezatin and myosin VIIA. (A and B) Oblique sections through the junction between a hair cell
(hc) and a supporting cell (sc) at P30, showing vezatin (A) and myosin VIIA (B) labelling along the adherens junction. (C) In the hair bundle vezatin
labelling is concentrated at the base (arrowhead) of the stereocilia, where the ankle links (arrow) are located. (D-M) Immunohistofluorescence.

(D) Whole mount preparation of a P2 organ of Corti. Vezatin immunoreactivity is observed in the stereocilia hair bundles of the three rows
(arrowheads) of outer hair cells (W shape) and the single row (arrow) of inner hair cells (U shape). (E-G) P2 mouse cochlea (fixed with PFA).

(E) Vezatin is detected in the inner (ihc) and outer (ohc) hair cells of the organ of Corti. Note that the hair bundles are strongly immunoreactive
(arrowheads). Vezatin is also detected in the supporting cells and nerve fibres. When either unfixed or methanol fixed sections were used a strong
vezatin labelling was observed also at the cell-cell contacts between hair cells and supporting cells (not shown). (F) Myosin VIIA is restricted to the
ihc and ohc, where it is localized throughout the cell. (H-J) P8 mouse utricular hair cells (hc). (H) The strongest vezatin immunoreactivity is at the
base of the stereocilia (arrowhead), whereas the myosin VIIA labelling (I) appears more uniform. (K-M) Adult chicken inner ear macula. Vezatin (K)
and the ankle link antigen ALA (L) are co-localized (M) at the base of the stereocilia. Bars: (A) and (B) 0.1 um; (C) 0.5 pm; (D)-(M) 10 pm.

performed as previously described (Kiissel-Andermann et al., 2000). For
pull down experiments, after coating of avidin resin (Promega) with a
biotinylated myosin VIIA peptide (see above) or the biotinylated control
protein (CAT), possible free avidin molecules were blocked by post-
incubation with 5 mM biotin. The coated resin was then incubated for 2 h
at 4°C with the protein cell extracts. The resin was washed five times and
bound proteins were separated by SDS-PAGE and analysed by
immunobloting, using either a streptavidin—horseradish peroxidase
(HRP) conjugate or the anti-mA34 antibody followed by an HRP-
conjugated goat anti-rabbit IgG.

Cell lines and antibodies

All cell lines (MDCK, LLCPK, Caco-2, HEK293, HeLLa, NIH 3T3, L and
S180) were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum (Gibco BRL) and antibiotics

in 6% CO,. G418 (800 ng/ml) was added to the culture medium for stably
transfected L cells.

Different mouse fibroblast cell lines were used: S180, S180 stably
expressing either chicken E-cadherin, LCAM (2B2) or N-cadherin
(ARM); L2071, L2071 stably expressing either entire human E-cadherin
(L-hEcad) or different truncated variants (Lecuit et al., 2000),
L-hEcadACyto (which lacks the entire hEcad cytoplasmic domain),
L-hEcadACB (lacking the last 35 amino acids of the hEcad cytoplasmic
domain) and L-hEcadAPR (without the p120-catenin binding domain). A
chimeric construct (E-cad/o-ctn), resulting from fusion of the hEcad
transmembrane domain (amino acids 1-580) with the C-terminal 398
amino acids of mouse o-catenin (Lecuit et al., 2000), was used for
transient transfections. All the cell lines were fixed with cold methanol for
5 min at —20°C and handled for immunofluorescence as previously
described (El-Amraoui et al., 1996).
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The anti-E-cadherin (DECMA-1) antibody was a gift from M.Arpin
(Institut Curie, Paris, France). A mouse anti-human E-cadherin (HECD1)
antibody directed against the ectodomain was provided by M.Takeichi
(Shimoyama et al., 1989). The anti-o-/B- and p120-catenin antibodies
were from Transduction Laboratories. The ankle links were detected with
the ALA antibody kindly provided by G.Richardson (Brighton, UK). For
vezatin—-myosin VIIA double labelling experiments a polyclonal mouse
antibody raised against a human myosin VIIA tail fragment (amino acids
905-1032) was used. For immunoelectron microscopic detection of
myosin VIIA antibodies raised against the amino acids 941-1071
fragment of mouse myosin VIIA were employed (Liu et al., 1997,
Wolfrum et al., 1998).

Immunofluorescence and electron microscopy analysis

For immunofluorescence mouse tissues and inner ears were fixed and
treated as previously described (El-Amraoui et al., 1996; Sahly et al.,
1997). For whole mount preparations of the organ of Corti mouse inner
ears were fixed and decalcified, then half turns of the cochlea were
carefully dissected to separate the organ of Corti and immediate
surrounding tissues. Tissue sections or the whole organ of Corti were
used for indirect immunofluorescence (El-Amraoui et al., 1996). Triton
X-100 treatment was performed in cytoskeleton buffer (CSK) (10 mM
PIPES pH 6.8, 50 mM NaCl, 3 mM MgCl ,, 300 mM sucrose, | mM
phenylmethylsulfonyl fluoride, 0.5% Triton X-100, 100 ug RNase, 100 pg
DNase). Fixation was performed with either 4% paraformaldehyde (PFA)
in phosphate-buffered saline or methanol. Cells and tissues sections were
analysed on a conventional epifluorescent microscope (Leica) or a laser
scanning confocal microscope (LSM-540; Zeiss).

Immunoelectron microscopy was performed on LR White embedded
ultra-thin sections of the mouse inner ear (C3H strain), as previously
described (Wolfrum et al., 1998; Wolfrum and Schmitt, 2000). Nanogold
(Nanoprobes, Stony Brook, NY) labelling of ultra-thin sections was silver
enhanced as described (Danscher, 1981) and analysed on a Zeiss EM900
or Zeiss EM912Q electron microscope.
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