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Abstract. The elevation of tyrosine phosphorylation
level is thought to induce the dysfunction of cadherin
through the tyrosine phosphorylation of B catenin. We
evaluated this assumption using two cell lines. First, us-
ing temperature-sensitive v-src-transfected MDCK cells,
we analyzed the modulation of cadherin-based cell ad-
hesion by tyrosine phosphorylation. Cell aggregation
and dissociation assays at nonpermissive and permissive
temperatures indicated that elevation of the tyrosine
phosphorylation does not totally affect the cell adhesion
ability of cadherin but shifts it from a strong to a weak
state. The tyrosine phosphorylation levels of B catenin,
Z0-1, ERM (ezrin/radixin/moesin), but not « catenin,

vinculin, and a-actinin, were elevated in the weak state.

To evaluate the involvement of the tyrosine phosphor-
ylation of B catenin in this shift of cadherin-based cell
adhesion, we introduced v-src kinase into L fibroblasts
expressing the cadherin-a catenin fusion protein, in
which 8 catenin is not involved in cell adhesion. The in-
troduction of v-src kinase in these cells shifted their ad-
hesion from a strong to a weak state. These findings in-
dicated that the tyrosine phosphorylation of 8 catenin
is not required for the strong-to-weak state shift of cad-
herin-based cell adhesion, but that the tyrosine phos-
phorylation of other junctional proteins, ERM, ZO-1
or unidentified proteins is involved.

teins responsible for calcium-dependent cell—cell
adhesion (Takeichi, 1988, 1991). The functions of
cadherins are regulated from the cytoplasmic side, and these
regulations are thought to be of great importance in the
development of organs and in carcinogenesis/metastasis.
Tyrosine phosphorylation appears to be an important
regulatory signal for cadherins. A relationship between
cadherins and tyrosine phosphorylation has been demon-
strated by Warren and Nelson (1987) and Kellie (1988).
They showed that in v-src tyrosine kinase transfectants, v-src
kinase suppresses the cadherin-based cell adhesion with
the concomitant destruction or structural modification of
adherens junctions (AJ),! where cadherins act as adhesion
molecules. This was confirmed with RSV-transformed cul-

CADHERINS are a family of transmembrane glycopro-
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tured chick lens cells (Volberg et al, 1992). Using an
antiphosphotyrosine antibody, Takata and Singer (1988)
demonstrated at the electron microscopic level, that the
phosphotyrosine-modified proteins were highly concen-
trated at AJ in various tissues, and Tsukita et al. (1991)
found that the specific proto-oncogenic tyrosine kinases,
c-sre, and c-yes kinases, were enriched in AJ. Further-
more, incubation of the cells with vanadate/H,0,, a potent
inhibitor of tyrosine phosphatases, induces the destruction
of AJ (Volberg et al., 1991).

Cadherin is closely associated with several cytoplasmic
proteins, a, B, and v catenin and p120 (Vestweber and
Kemler, 1984; Peyrieras et al., 1985; Ozawa et al., 1989;
Shibamoto et al., 1995). Furthermore, EGF receptor ty-
rosine kinase is associated with cadherin via B catenin
(Hoschuetzky et al., 1994). Studies using v-src transfected
cells have revealed that in the cadherin—catenin complex,
B catenin was preferably tyrosine phosphorylated, and that
increased tyrosine phosphorylation of § catenin appeared
to be associated with the dysfunction of cadherin (Matsu-
yoshi et al.,, 1992; Behrens et al., 1993; Hamaguchi et al.,
1993).
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These findings suggest that the elevation of tyrosine
phosphorylation level induces the dysfunction of cadherin
through the tyrosine phosphorylation of B catenin. How-
ever, this idea is not valid until the following two points
are addressed. (a) What is the “dysfunction” state of cad-
herin? Our knowledge on the tyrosine phosphorylation-
induced dysfunction state of cadherin remains fragmen-
tary. (b) Is tyrosine phosphorylation of  catenin required
for the dysfunction of cadherin? So far a correlation was
obtained only between the tyrosine phosphorylation of B
catenin and the dysfunction of cadherins.

To address the first point, we used an MDCK stable cell
line transfected with a temperature-sensitive mutant of
v-src (ts-v-stc MDCK) (Behrens et al., 1993). This ts-v-src
MDCK cell line exhibits an epithelial phenotype at the non-
permissive temperature, but rapidly loses cell-cell contact
and acquires a fibroblast-like morphology at the permis-
sive temperature. Therefore, this cell line can be used to
analyze the tyrosine phosphorylation-induced dysfunction
state of cadherins. By cell aggregation and dissociation as-
say with this cell line, we found that elevation of the tyrosine
phosphorylation level does not totally affect the cadherin-
based cell adhesion, but shifts it from a strong to a weak
state. In the latter state, the activation of ts-v-src increases
the tyrosine phosphorylation level not only of B catenin
but also of other undercoat-constitutive proteins such as
Z0-1, ezrin, radixin, and moesin.

To address the second point, we used a mouse L fibro-
blast cell line expressing the E-cadherin-a catenin fusion
protein (Nagafuchi et al., 1994). Without the interaction of
B catenin, this fusion protein acts as an adhesion molecule
in the strong state of cell adhesion. We introduced v-src ki-
nase into this cell line, and found that the elevation of ty-
rosine phosphorylation shifts the cell adhesion from a
strong to a weak state. This indicated that the tyrosine phos-
phorylation of B catenin is not required for the tyrosine
phosphorylation-dependent shift of cadherin-based cell
adhesion from the strong to the weak state.

Materials and Methods
Cells and Antibodies

Temperature sensitive-v-src-transfected MDCK cells (Behrens et al.,
1993) were grown in a mixture of Ham’s F12 and DME supplemented
with 10% FCS at 40°C (nonpermissive temperature) or at 35°C (permis-
sive temperature). Mouse L cell transfectants expressing E-cadherin
(ELB1; Nose et al., 1988), or a fusion protein (nEaC) between a carboxyl
terminus-truncated cadherin and the carboxyl-terminal half of « catenin
(nEaCL; Nagafuchi et al., 1994) were grown in DME supplemented with
10% FSC and 150 pg/ml of G418.

Mouse anti-ZO-1 mAb (T8-754) (Itoh et al., 1991), rat anti-a catenin
mADb («18) (Nagafuchi and Tsukita, 1994), rat anti-8 catenin mAb (2D4)
(Nagafuchi et al., 1994), and rabbit anti-ERM pAb (I1) (Tsukita et al.,
1989) were obtained and characterized as described. Rat anti-E-cadherin
mAb (ECCD-1 and ECCD-2) and rat anti-P-cadherin mAb (PCD-1) were
gifts from Dr. M. Takeichi (Kyoto University, Kyoto, Japan). Mouse
mAbs against phosphotyrosine (pT66), vinculin (VIN11-5), and «-actinin
(BM75.2) were purchased from Sigma Chemical Co. (St. Louis, MO}, and
mouse mAb p60"© (mAb 327) was purchased from Oncogene Science
(Manhasset, NY).

Transfection

L cell transfectants, ELB1 and nEaCL, were plated at a density of 1 X 10°
cells/35 mm dish, and then cotransfected with an avian v-src expression
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vector (pMv-src) (Paul et al., 1985) and pSV2bsr (for blasticidin-S resis-
tance) (Funakoshi Pharmaceutical Co., Tokyo) by lipofection (Life Tech-
nologies, Inc., Grand Island, NY). The cells were then replated on three 9
cm dishes and cultured in the presence of 20 pg/ml blasticidin-S. Colonies
of blasticidin-S-resistant cells were isolated and recloned. Using anti-p60*="
mAb (mAb327), we isolated several stable clones expressing p60** for
ELB1 and nEaCL celis. The plasmid pMv-src was a generous gift from Dr.
Motoharu Seiki (Kanazawa University, Kanazawa, Japan).

Cell Aggregation and Dissociation

For cell aggregation studies, ts-v-stc MDCK cells (see Fig. 1) were cul-
tured in 35 mm plastic dishes at 35°C for 12 h, and then detached using a
rubber policeman. They were passed through Pasteur pipettes several
times to obtain single cells, then 0.3 ml of the cell suspension was placed in
15 mm plastic dishes covered with the culture medium containing 1%
agar. The dishes were placed on a gyratory shaker and rotated at 80 rpm
for several hours at 35° or 40°C to allow aggregation. In some experi-
ments, during rotation culture, 3 mM EGTA or a mixture of anti-E-cad-
herin mAb and anti-P-cadherin mAb was added to the medium. For cell
aggregation using L transfectants, the cells were digested with 0.1% trypsin
in the presence of 1 mM CaCl, at 37°C for 20 min, and then washed three
times with Ca?*/Mg?*-free Hepes-buffered saline (HCMF; pH 7.4) to ob-
tain single cell suspensions. Cells suspended in DME medium were placed
in 1% agar-coated four-well plates and rotated for 3 h at 37°C on a gyra-
tory shaker at 80 rpm.

For the cell dissociation assay, confluent ts-v-src MDCK cells (see Fig.
3) in monolayers were cultured in 35 mm plastic dishes at 40°C for 12 h, in-
cubated at 35°C for 0-12 h, and then detached using a rubber policeman.
The cell suspension was passed through Pasteur pipettes 30 times, and
then fixed with 1% glutaraldehyde in PBS. The extent of cell dissociation
was represented by the index Np/N¢, where Np and N are the total num-
bers of particles and cells per dish, respectively. For cell dissociation stud-
ies using L cell transfectants, aggregates formed on a gyratory shaker were
passed through Pasteur pipettes 30 times.

Immunoprecipitation

Confluent monolayers of ts-v-src MDCK cells were maintained on 100
mm dishes at 40°C for 3 d, and then incubated at 35°C for 0, 5, 10, 30, or 60
min. The cells were washed three times with ice-cold PBS, lysed and incu-
bated in 1 ml of RIPA buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 10 mM
NaF, 1 mM Na;VO,, 10 mM Na,P,0;, 4 mM EDTA, 1 mM PMSF, 1%
Nonidet P-40, 0.1% SDS). The cells were scraped from the dish using a
rubber policeman, incubated for additional 30 min on ice, and then clari-
fied by centrifugation at 10,000 g for 30 min. The supernatant was col-
lected as the soluble fraction. The pellet was suspended in 100 pl of SDS
immunoprecipitation buffer (15 mM Tris-HCI, pH 7.5, S mM EDTA, 2.5
mM EGTA, 1% SDS) (Hinck et al., 1994), incubated at 100°C for 10 min,
diluted up to 1 ml with RIPA buffer, and then used as the insoluble frac-
tion. Anti-phosphotyrosine mAb (or control mouse IgG) was added to the
soluble or insoluble fraction and allowed to form immune complexes for 3 h
on ice. Protein G-Sepharose 4B (Pharmacia LKB Biotechnology Inc.,
Uppsala, Sweden) (50 wl) was added to the sample, and incubated for an
additional 3 h on ice. Protein G-Sepharose 4B-bound immune complexes
were washed three times with RIPA buffer. Immune complexes were then
eluted by boiling in 150 pl of SDS sample buffer.

L cell transfectants cultured in 60 mm dishes were grown to confluence,
washed three times in ice-cold PBS, lysed in lysis buffer (1% Triton X-100,
1% NP-40, 1 mM CaCl,, 2 mM PMSF, 1 mM Na;VO,, 50 mM NaF, 150
mM NaCl, 10 mM Tris-HCI, pH 7.4) (Matsuyoshi et al., 1992), and then
centrifuged at 15,000 rpm for 30 min at 4°C. The clarified lysates were im-
munoprecipitated with 10 pl of rat mAb ECCD-2 and 50 pl of protein
G-Sepharose (Zymed Laboratories, Inc., San Francisco, CA). Immuno-
precipitates were washed three times with lysis buffer and solubilized with
SDS sample buffer containing 1 mM Na;VO,.

Immunoblotting

The eluted immune complexes were resolved by one-dimensional SDS-
PAGE (7.5%) (Laemmli, 1970), and then electrophoretically transferred
from gels to nitrocellulose membranes, which were incubated with first
antibodies. These were detected using a blotting detection kit (Amersham
Corp., Arlington Heights, IL).
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Results

Two States of Cadherin-based Cell Adhesion
in ts-v-src MDCK Cells and Their Modulation
by Tyrosine Phosphorylation

As reported (Behrens et al., 1993), when ts-v-src MDCK
cells were cultured on a plastic dish at 35°C (the permissive
temperature) at a low density, they exhibited fibroblast-like
morphology (Fig. 1 a). These cells were detached from the
substratum using a rubber policeman, then passed several
times through Pasteur pipettes, which resulted in single
dissociated cells (Fig. 1 b). When these cells were allowed
to aggregate at 40°C (the nonpermissive temperature) for
3 h under gentle gyration, compact aggregates were formed

ts-v-src-MDCK Cultured at 35 T

2 AR

Gyration

40T

non-penmissive iemperature

35T

permissive temperature

anti-P-cadherin
anti-E-cadherin

Figure 1. Two states of cadherin-based cell adhesion in ts-v-src
MDCK cells. At the permissive temperature, ts-v-scc MDCK
cells exhibited a fibroblast-like morphology at a low density (a).
These cells were easily dissociated into single cells by pipetting
(b). These cells were allowed to aggregate at the nonpermissive
(c-e) or permissive (f~k) temperature in the presence (c, e, f, and
h) or absence (d and g) of Ca®* ions in the culture medium. In e
and A, a mixture of anti-E-cadherin and anti-P-cadherin antibod-
ies was added to the medium. Bar, 10 pm.
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(Fig. 1 ¢). This aggregation was completely suppressed in
the absence of Ca?* ions as well as in the presence of anti-E-
and P-cadherin antibodies, indicating that it was mediated
by cadherins (Fig. 1, d and e). When the same aggregation
experiment was performed at the permissive temperature,
loose cell aggregates were formed, in which individual cells
were easily recognized (Fig. 1 f). This type of cell aggrega-
tion was again completely inhibited by Ca-removal or anti-
E- and P-cadherin antibodies, indicating that these looser
aggregates were also maintained by cadherin-based adhe-
sion (Fig. 1, g and &). Incubating the compact aggregates at
the permissive temperature resulted in the looser type,
which again became compact at the nonpermissive tem-
perature (Fig. 2, a and b).

To evaluate the state of the cell adhesion in the compact
and looser aggregates, they were passed several times
through Pasteur pipettes. As shown in Fig. 2 (¢ and d), the
compact aggregates were hardly affected, whereas the
looser type was easily dissociated into single cells. We con-
cluded that cadherin-based cell adhesion can assume two
states in ts-v-src MDCK cells in the presence of extracellu-
lar Ca®*; a strong adhesion state at the nonpermissive tem-
perature and a weak adhesion state at the permissive tem-
perature.

Using confluent ts-v-src MDCK cells, we quantified the
level of the tyrosine phosphorylation-dependent shift of
cadherin-based cell adhesion from the strong to the weak
by the cell dissociation assay (Fig. 3). Confluent cell sheets
were detached from the substratum with a rubber police-
man and passed through Pasteur pipettes several times. As
shown in Fig. 3 {a—d), the cell sheet at the nonpermissive
temperature was hardly affected, whereas that at the per-
missive temperature easily dissociated into single cells.
The time course of the shift from the strong to the weak

Pipetting

Figure 2. Transition between compact and loose aggregates of
ts-v-src MDCK cells. Incubating the compact aggregates (a) at
the permissive temperature resulted in the looser type (b), which
again became compact at the nonpermissive temperature. By
pipetting, the compact aggregates were hardly dissociated (c),
whereas the looser type was easily dissociated into single cells
(d). Bar, 10 pm.
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Degree of cell dissociation (Np/N,)
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Figure 3. Dissociation assay of confluent ts-v-src MDCK cells.
Confluent monolayers were detached from dishes using a rubber
policeman, and the cell suspension was passed through Pasteur
pipettes 30 times (see Materials and Methods). The cell sheet at
the nonpermissive temperature (a) was basically unaffected (c),
whereas that at permissive temperature (b) easily dissociated into
single cells (d). In e, the degree of cell dissociation (N/N¢) at 0-12 h
after the shift from the nonpermissive to the permissive tempera-
ture was quantified, where Np and N are the total number of
particles and cells per dish, respectively. Bar, 10 um.

adhesion state after the temperature change was quanti-
fied and is presented in Fig. 3 e.

Tyrosine Phosphorylation of Junctional Proteins in
ts-v-src MDCK Cells at the Permissive Temperature

Confluent ts-v-src MDCK cells cultured at the nonpermis-
sive temperature were transferred to the permissive tem-
perature, then 5, 10, 30, and 60 min after the temperature
shift, the cells were processed for immunoblotting with an-
tiphosphotyrosine mAb (Fig. 4 a). The tyrosine phosphor-
ylation level in whole cells appeared to increase in a linear
fashion until 30 min, reaching a plateau around 60 min af-
ter the temperature shift.

To investigate the tyrosine phosphorylation level of each
junctional protein after the temperature shift, at various
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Figure 4. Tyrosine phosphorylation of junctional proteins in ts-
v-src MDCK cells at the permissive temperature. (a) Confluent
cells cultured at the nonpermissive temperature for 12 h were
transferred to the permissive temperature, then 5, 10, 30, and 60
min after the temperature shift, they were processed for immuno-
blotting with anti-phosphotyrosine mAb. (b—h) At various times
after the temperature shift, the cells were lysed with RIPA buffer
containing 0.1% SDS, immunoprecipitated with anti-phosphoty-
rosine mAb, and then immunoblotted with antibodies specific for
E-cadherin, a catenin, B catenin, ZO-1, ERM (from the top, ar-
rows correspond to ezrin, radixin, and moesin), vinculin, and
a-actinin.

times the cells were lysed with RIPA buffer containing 1%
Nonidet P-40 and 0.1% SDS, and immunoprecipitated
with antiphosphotyrosine antibody. Thereafter, the immu-
noprecipitate was immunoblotted with an antibody spe-
cific for E-cadherin, o catenin, B catenin, ZO-1, ezrin/ra-
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Figure 5. E-cadherin—a catenin fusion protein constructs. (a)
E-cadherin/a catenin/B catenin complex. The carboxy-terminal
70 amino acids of E-cadherin (closed box) constitute a catenin-
binding site. (5) The fusion protein, nEaC, of E-cadherin lacking
the catenin-binding site with the carboxyl-terminal half of a catenin.

dixin/moesin (ERM), vinculin, or a-actinin (Fig. 4, b-h).
As reported (Behrens et al., 1993), among the E-cadherin-
catenin complex components, (3 catenin was gradually and
heavily tyrosine phosphorylated, while the tyrosine phos-
phorylation of a catenin was not so remarkable. Tyrosine-
phosphorylated E-cadherin was hardly detectable even 60
min after the temperature shift. ZO-1 and ERM were sig-
nificantly tyrosine phosphorylated with the same time
course as that of B catenin after the temperature shift. By
contrast, vinculin and a-actinin were constitutively tyrosine
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Figure 6. Expression of pp60** in stable transfectants. Total ly-
sates (20 wg/lane) from ts-v-src MDCK cells (lane I), parent
nEaCL cells (lane 2), three independent clones of pp60™*-intro-
duced nEaCL cells (lanes 3-5), parent ELB1 cells (lane 6), or
three independent clones of pp60¥*“-introduced ELP1 cells
(lanes 7-9) were separated by SDS-PAGE and immunoblotted
with anti-pp60** mAb. In addition to the pp60¥*™ band (ar-
rows), one or two nonspecifically stained bands were detected.
The positions of molecular mass markers are indicated on the left
(kD).

phosphorylated at the nonpermissive temperature, and the
temperature shift did not significantly increase the tyrosine
phosphorylation level of these proteins.

The cell debris resistant against the RIPA extraction was
further solubilized with a solution containing 1% SDS, and

Figure 7. Phase—contrast mi-
croscopic images of nEaCL
cells (a), ELB1 cells (b),
nEaCL cells expressing pp60¥=
(¢), and ELB1 cells expressing
pp60¥* (d). Bar, 100 pm.
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Figure 8. Cell aggregation (a) and dissociation (b) assays of nEaCL
cells. Single nEaCL cells were rotated for 3 h on a gyratory shaker
at 80 rpm to form tightly compact aggregates, in which individual
cells were hardly recognizable (a). When these aggregates were
passed several times through Pasteur pipettes, there were few sin-
gle cells (b). Bar, 50 um.

then diluted with RIPA buffer to decrease the SDS con-
centration to ~0.1%, which allowed immunoprecipitation
with antiphosphotyrosine mAb. The antiphosphotyrosine
immunoprecipitate was immunoblotted with antibodies as
described above. The time course of the tyrosine phosphor-
ylation of each junctional component was the same as
shown in Fig. 4 (data not shown).

These data were consistent with the notion that the ty-
rosine phosphorylation of B catenin is involved in the
“dysfunction” of cadherin molecules (Matsuyoshi et al.,
1992; Behrens et al., 1993; Hamaguchi et al., 1993). On the
other hand, our data showed that not only 8 catenin, but
also other junctional proteins such as ZO-1 and ERM are
heavily tyrosine phosphorylated in a time-dependent man-
ner after the activation of v-src kinase. To evaluate the
role of tyrosine phosphorylation of B catenin in cadherin
regulation, we analyzed the effects of tyrosine phosphoryl-
ation on the cell adhesion ability of nEaCL cells.

Introduction of v-src Kinase into nEaCL Cells

The carboxyl terminus—truncated cadherin has no cell ad-
hesion activity because of its failure to associate with
catenins. As described, this nonfunctional cadherin was
rescued as an adhesion molecule, when the carboxyl-ter-
minal half of « catenin was directly linked to the nonfunc-
tional E-cadherin (Fig. 5; Nagafuchi et al., 1994). The ad-
hesion activity of the mouse L cell transfectants (nEaCL
cells) expressing this fusion molecule (nEaC) was just as
cadherin dependent as the L cell transfectants expressing
intact E-cadherin (ELB1 cells). In nEaCL cells, nEaC mol-
ecules were not associated with B catenin, indicating that
they can function as adhesion molecules in the absence of
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B catenin. Therefore, if nEaCL cells could express v-src ki-
nase, they would be useful to check whether or not the ty-
rosine phosphorylation of B catenin is involved in the ty-
rosine phosphorylation-dependent shift of cadherin-based
cell adhesion from the strong to the weak state.

An expression vector for v-src kinase was introduced into
nEaCL cells, and those stably expressing v-src kinase were
selected and examined by SDS-polyacrylamide gel elec-
trophoresis followed by immunoblotting with anti-v-src ki-
nase mAb (Fig. 6). Three stable clones expressing a rela-
tively large amount of v-src kinase were obtained. For
comparison, three clones of ELB1 cells expressing v-src ki-
nase were also established. Expression of v-src kinase in-
duced significant morphological changes in both nEaCL
and ELB1 cells (Fig. 7). Cells rounded up and adhered
with neighboring cells by means of thin protrusions.

Cell Aggregation and Dissociation Assay of v-src
Kinase-introduced nEaCL Cells

As described, when nEaCL cells were incubated for 3 h un-
der gentle gyration, they formed compact aggregates, in
which individual cells were hardly recognizable by phase-
contrast microscopy (Fig. 8). Removing Ca’* ion from the
medium or anti-E-cadherin mAb inhibited the aggregation
of these cells.

In sharp contrast, when the same aggregation experiment
was performed using v-src kinase-expressing nEaCL cells,
loose aggregates were formed, in which individual cells
were easily recognizable (Fig. 9 a). ELB1 cells expressing
v-src kinase also formed similar loose cell aggregates (Fig.
9 b). This type of cell aggregation was completely inhibited
by Ca removal or anti-E-cadherin mAb (data not shown).
When these aggregates were passed through Pasteur pi-
pettes several times, they were easily dissociated into sin-
gle cells, indicating that in the presence of v-src kinase, nEaC
as well as E-cadherin assume the weak adhesion state (Fig.
9, ¢ and d).

Tyrosine Phosphorylation in the E-Cadherin
Immunoprecipitates from v-src Kinase-expressing
nEaCL or ELB1 Cells

As reported, when we immunoprecipitated ELB1 cells with
anti-E-cadherin mAb, both endogenous a and B catenins
were coimmunoprecipitated with intact E-cadherin mole-
cules (Nagafuchi et al., 1991). In contrast, under the same
conditions, the E-cadherin-a catenin fusion protein that
immunoprecipitated from nEaCL cells was not associated
either with « or B catenins (Nagafuchi et al., 1994). The in-
troduction of v-src kinase into ELB1 or nEaCL cells did not
change the composition of the E-cadherin immunoprecipi-
tates (E-cadherin/catenin complex or E-cadherin-o cate-
nin fusion protein) (data not shown). Using an antiphos-
photyrosine mAb, we tried to detect tyrosine phosphorylated
polypeptides in these immunoprecipitated E-cadherin-o/B
catenin complexes or E-cadherin-o catenin fusion proteins
in the presence of v-src kinase (Fig. 10). In the E-cadherin-
a/f catenins complex immunoprecipitated from v-src ki-
nase-expressing ELB1 cells, B catenin was predominantly
tyrosine phosphorylated. However, the E-cadherin-a cate-
nin fusion protein from nEaCL cells was hardly tyrosine
phosphorylated. In the absence of v-src kinase, no tyrosine
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phosphorylated polypeptides were detected in E-cadherin
immunoprecipitates either from ELB1 or nEaCL celis.

Discussion

Two States of Cadherin-based Cell-Cell Adhesion

So far, the function of cadherin molecules has been evalu-
ated by means of the so called cell aggregation assay (Take-
ichi, 1977). Some investigators have described that in this
type of assay, the cell aggregates assume two distinct mor-
phologies, compact and loose, but knowledge of how these
are formed has been limited (Matsuyoshi et al., 1992). In
this study, we found that ts-v-src MDCK cells showed these
distinct cell aggregates under nonpermissive and permis-
sive conditions, and that judging from the effects of Ca’*-
chelating reagents and anti-cadherin antibodies, both types
of aggregation were mediated by cadherins. Furthermore,
we found that under conditions of high shearing, such as
vigorous pipetting, the loose aggregates were completely
dissociated into single cells, whereas the compact form was
fairly stable. Thus, we concluded that cells assumed two
states of cadherin-based cell adhesion, strong and weak,
and that these were experimentally produced in ts-v-src
MDCK cells at nonpermissive (normal levels of tyrosine
phosphorylation) and permissive temperatures (elevated
levels of tyrosine phosphorylation), respectively. These
two states are difficult to be distinguished by cell aggrega-
tion rates in the classical aggregation assay, since both states
of ts-v-stc MDCK cells showed the same rate of aggrega-
tion.

The transition from the weak to the strong state of cad-
herin-based ceil—cell adhesion occurs in vivo as the phe-
nomenon referred to as “compaction” at the eight-cell stage
of mammalian embryogenesis. During this process, cad-
herins aggregate on the cell surface to form cell-to-cell AJ
(Ducibella and Anderson, 1975; Vestweber et al., 1987).
On the other hand, as shown by others (Warren and Nel-
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Figure 9. Cell aggregation (@ and b)
and dissociation (¢ and d) assays of
pp60Y~<-expressing nEaCL (a and c)
and pp60***-expressing ELB1 (b and
d) cells. Single cells were rotated for
3 h on a gyratory shaker at 80 rpm.
Both types of cells formed loose cell
aggregates, in which individual cells
were easily recognized. When these
aggregates were passed several times
through Pasteur pipettes, they readily
dissociated into single cells. Bar,
50 pm.

son, 1987; Kellie, 1988; Volberg et al., 1992), the elevation
of tyrosine phosphorylation induced destruction of the
cell-to-cell AJ. Therefore, the weak and strong states of
cadherin-based cell adhesion appear to correspond to the
degree of aggregation of cadherin molecules on the cell sur-
face. If so, we speculate that the elevated level of tyrosine
phosphorylation in the cytoplasm disaggregates cadherins
on the cell surface through the tyrosine phosphorylation
of plasmalemmal undercoat-constitutive proteins, which
changes cadherin-based cell adhesion from the strong to the
weak state.

Tyrosine Phosphorylation of 8 Catenin

The molecular mechanism involved in the “dysfunction”
(which has not been distinguished from the “weak state”
so far) of cadherin-based cell adhesion induced by tyrosine
phosphorylation has been intensively investigated. Using
v-src transfected fibroblasts, Matsuyoshi et al. (1992) have
revealed that in a P-cadherin immunoprecipitate consist-
ing of P-cadherin, o and B catenin, only the latter was ty-
rosine phosphorylated in accordance with a P-cadherin
dysfunction. Furthermore, Hamaguchi et al. {1993) have
also suggested from studies using a similar system in the
chick, that the tyrosine phosphorylation of B catenin is im-
portant for E-cadherin dysfunction. When ts-v-src MDCK
cells are shifted from the nonpermissive to the permissive
temperature, among E-cadherin, « and B catenins, only
the latter was gradually and heavily tyrosine phosphory-
lated (Behrens et al., 1993). This was confirmed here, indi-
cating that the tyrosine phosphorylation of B catenin cor-
related well with the shift of cadherin-based cell adhesion
from the strong to the weak state, not only from the phos-
phorylation level, but also from the time course.

In mouse L cells, @ and B catenins are not detectable.
When E-cadherin is introduced into L cells (ELB1), both «
and B catenins become detectable as cadherin-associated
proteins (Nagafuchi et al., 1991, 1994). We found here that
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Figure 10. Tyrosine phosphorylation of E-cadherin immunopre-
cipitates. Total cell lysates from nEaCL cells (lane 1), nEaCL
cells expressing pp60** (lane 2), ELB1 cells (lane 3), ELB1 cells
expressing pp60'~*" (lane 4) were immunoprecipitated with anti-
E-cadherin mAb, resolved by SDS-PAGE, and then immuno-
blotted with an antiphosphotyrosine mAb. Only B catenin in the
E-cadherin immunoprecipitate from ELB1 cells expressing pp60¥=
was tyrosine phosphorylated (arrow). The positions of molecular
mass markers are indicated on the left (kD).

the transfection of v-src kinase in ELB1 cells shifted their
cadherin-based cell adhesion from the strong to the weak
state with the concomitant tyrosine phosphorylation of
catenin. In nEaCL cells, neither endogenous o nor 8 cate-
nin was detected, probably because the nEaC fusion mole-
cule has no ability to associate with either a or § catenin
(Nagafuchi et al., 1994). The introduction of v-src kinase
into nEaCL cells resulted in a shift of the cadherin-based
cell adhesion from the strong to the weak state. Consider-
ing that the nEaC fusion molecule itself did not include a
portion of B catenin, and that the nEaC fusion molecule it-
self was not tyrosine phosphorylated by v-src kinase, we
concluded that without the tyrosine phosphorylation of B
catenin, the elevation of the tyrosine phosphorylation level
at the cytoplasm shifts the cadherin-based cell adhesion
from the strong to the weak state.

Tyrosine Phosphorylation of ERM and ZO-1

Not only catenins but also other junctional proteins such
as vinculin, a-actinin, ERM, and ZO-1 are thought to be in-
volved in the regulation of cadherin-based cell adhesion
(Takeichi, 1991; Tsukita et al., 1992). Therefore, these pro-
teins are also likely tyrosine phosphorylation-dependent
regulators of cadherin-based cell adhesion.

Vinculin and a-actinin are concentrated at cadherin-based
cell adhesion sites, and are thought to directly or indirectly
interact with cadherins (Geiger, 1979; Lazarides and Bur-
ridge, 1975). Vinculin is reportedly tyrosine phosphorylated
(Sefton et al., 1981; Ito et al., 1983). In ts-v-src MDCK cells,
both vinculin and a-actinin were constitutively tyrosine phos-
phorylated, showing no correlation with the cadherin-based
adhesion shift. This suggests that the tyrosine phosphoryla-
tion of either vinculin or a-actinin is not involved in the dys-
function of cadherin-based cell adhesion. Of course, it is
possible that, although the overall tyrosine phosphoryla-

The Journal of Cell Biology, Volume 131, 1995

tion level of these proteins does not change, the site of
phosphorylation is different, resulting in different activity.

Members of the ERM family consisting of three closely
related proteins, ezrin, radixin, and moesin, are thought to
play an important role in the interaction of actin filaments
with plasma membranes in general (Tsukita et al., 1992).
Recent studies with antisense oligonucleotides have re-
vealed that ERM proteins play a pivotal role in maintain-
ing both integrin- and cadherin-based cell adhesion (Tsukita
et al., 1993; Takeuchi et al., 1994). Among ERM proteins,
ezrin is reportedly a good in vivo substrate for tyrosine ki-
nases such as EGF receptors (Bretscher, 1983, 1989; Gould
et al., 1986; Hunter and Cooper, 1981, 1983; Pakkanen et
al., 1987). Two tyrosine residues in ezrin molecules have
been identified as phosphorylation sites, and one of them
is conserved in radixin and in moesin (Krieg and Hunter,
1992). This study revealed that after the temperature shift
of ts-v-src MDCK cells, radixin, moesin and ezrin were
heavily tyrosine phosphorylated in a time course similar to
that of B catenin. Taking the results obtained with anti-
sense oligonucleotides into consideration, we speculate that
the tyrosine phosphorylation of ERM proteins is involved
in the regulation of cadherin-based cell adhesion.

Z0O-1 was originally reported to be exclusively localized
at tight junctions, but it was later shown to be colocalized
with various types of cadherins in cells lacking tight junc-
tions (Stevenson et al., 1986; Anderson et al., 1988; Itoh et
al.,, 1991, 1993). ZO-1 is reportedly serine/threonine phos-
phorylated (Stevenson et al., 1989; Singer et al., 1994), and
tyrosine phosphorylated (Van Itallie et al., 1995). The time
course of ZO-1 tyrosine phosphorylation in ts-v-src MDCK
cells after the temperature shift was very similar to that of
B catenin and ERM proteins. Although the function of
Z0-1 in cadherin-based cell adhesion is unknown, ZO-1 is
also a potential tyrosine phosphorylation-dependent regu-
lator of cadherin-based cell adhesion.

Of course, it is possible that other cytoplasmic or under-
coat-constitutive proteins play central roles in the tyrosine
phosphorylation-dependent regulation of cadherin-based
cell adhesion. As the role of the tyrosine phosphorylation
of B catenin was evaluated in this study by genetic engineer-
ing means, we should next evaluate ERM proteins and
ZO-1. Studies are currently being conducted along these
lines in our laboratory.
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