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SUMMARY
In this study we demonstrate that local stimulation of cell
surface cadherins or integrins induces a selective
enhancement of adherens junction or focal contact
assembly, respectively, throughout the cell. N-cadherin
transfected CHO cells (CHO-Ncad) were incubated with
different ligands including N-cadherin extracellular
domain (NEC), anti-N-cadherin antibodies, fibronectin and
concanavalin A (ConA), conjugated to synthetic beads.
Electron microscopic examination indicated that both
cadherin- and integrin-reactive beads bound tightly to the
cell surface and were apparently endocytosed after several
hours of incubation. The ConA-beads remained largely at
the cell surface. Immunofluorescence labeling of the cells
with antibodies to different adhesion-associated molecules
indicated that both NEC- and anti-N-cadherin-conjugated
beads induced a major increase in the level of junctionassociated cadherin and β-catenin labeling and a modest
increase in junctional vinculin labeling, compared to
untreated cells or cells bound to ConA-beads. FN-

conjugated beads, on the other hand, significantly
enhanced vinculin labeling at focal contacts and suppressed
cadherin and β-catenin staining in cell-cell junctions. The
cadherin-reactive beads specifically stimulated tyrosine
phosphorylation at cell-cell junctions, while the FN-beads
increased the levels of focal contact-associated
phosphotyrosine, as shown by immunofluorescence
labeling of the cells for phosphotyrosine. Inhibition of this
phosphorylation by genistein resulted in a complete
suppression of the effects of both types of beads. These
findings indicate that specific cadherin- and integrinmediated surface interactions can trigger positively
cooperative long-range signaling events which lead to the
selective assembly of cell-cell or cell-matrix adhesions, and
that these signals involve tyrosine phosphorylation.

INTRODUCTION

Miyamoto, 1995). ECM adhesion occurs via specific surface
receptors such as different members of the integrin family,
which are attached at their cytoplasmic aspects to
submembrane anchor proteins (i.e. vinculin, paxillin, talin and
α-actinin) which in turn link them to the actin cytoskeleton
(Hynes, 1992; Garratt and Humphries, 1995). Similar
structures mediating cell-cell interactions contain adhesion
molecules of the cadherin family (Takeichi, 1990; Geiger and
Ayalon, 1992), as well as a submembrane plaque, which
consists of anchor proteins such as catenins, vinculin and αactinin that link actin filaments to the junction (Critchley, 1993;
Geiger, 1993a,b; Kemler, 1993).
Recent studies indicate that in addition to the proteins that
participate directly in the transmembrane linkage between the
external surface and the cytoskeleton, there are many
enzymes known to be involved in transmembrane signaling,
which are associated with cell-cell junctions, matrix
adhesions or both (Geiger et al., 1995; Miyamoto et al.,
1995b). It was further postulated that the adhesion-triggered
clustering and/or activation of these enzymes could have local
effects on junction assembly, as well as long-range effects on

Cell adhesion to external surfaces such as the extracellular
matrix (ECM) or the membrane of neighboring cells has
pleiotropic effects on cell morphogenesis, motility, regulation
of growth and differentiation, wound healing and malignant
transformation (Folkman and Moscona, 1978; Vasiliev and
Gelfand, 1981; Geiger et al., 1987, 1990; Burridge et al., 1988;
Gumbiner, 1996). Some of these effects can be directly
attributed to the physical interaction between individual cells,
leading to the formation of multicellular tissues and organs,
while others involve the transduction of adhesion-mediated
signals that have long-range effects on cell behavior and fate
(Meredith et al., 1993; Doherty and Walsh, 1994; Williams et
al., 1994; Garratt and Humphries, 1995).
Over the past several years, much information has
accumulated on the molecular basis for cell adhesion, shedding
light both on the adhesive interactions per se, which include
binding specificity and association with the cytoskeleton
(Geiger et al., 1995), and on the mechanisms of adhesionrelated signaling (Juliano and Haskill, 1993; Yamada and
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cell activity (Volberg et al., 1992; Behrens et al., 1993;
Michalides et al., 1994).
Cell adhesion (mainly to the ECM) has been shown to
involve several interdependent temporal steps, starting with the
establishment of initial cell-substrate contacts, extension of
these adhesions and finally formation of focal adhesions and
spreading on the matrix (Grinnell, 1978; Grinnell and Hays,
1978; Duval et al., 1988).
The development of early adhesions into mature focal
contacts is still poorly understood at the molecular level,
though it appears that the process is driven by highly
cooperative interactions. This cooperativity is promoted by
clusters of surface receptors which interact with external
ligands, as well as by the retention or recruitment of such
adhesion molecules by components of the submembrane
plaque and the associated cytoskeleton (Miyamoto et al.,
1995a).
Recent studies indicate that the assembly of adhesion sites
may also be controlled by post-translational modification of
their various components. Both cell-cell adherens junctions
and focal contacts were shown to host a wide variety of protein
kinases (Rohrschnieder, 1980; Geiger et al., 1992; Dong et al.,
1993; Barry and Critchley, 1994; Schaller and Parsons, 1994;
Van Etten et al., 1994) and to be primary targets for tyrosinespecific protein phosphorylation (Behrens et al., 1993;
Hamaguchi et al., 1993; Lo et al., 1994; Turner, 1994).
Moreover, it was established that these modifications have a
profound effect on the assembly and stability of the adhesion
sites. A certain basal level of phosphorylation was found to be
essential for cell adhesion (Volberg et al., 1992; Tsukita et al.,
1991), while over-phosphorylation resulted in deterioration of
adhesion sites and cell detachment (Volberg et al., 1991;
Matsuyoshi et al., 1992; Hamaguchi et al., 1993).
In the present study, we have examined the long-range effect
of adhesive interactions mediated through cadherins or
integrins on the adhesive behavior of cells. Specifically, we
have incubated N-cadherin-transfected cells with cadherin- or
integrin-reactive beads, and have determined the effect of this
treatment on intercellular or cell-ECM adhesion. We show here
that cadherin-reactive beads can induce a major increase in
cadherin, β-catenin and phosphotyrosine levels at adherens
junctions. Fibronectin-coated beads, on the other hand,
increased phosphotyrosine and vinculin levels in focal contacts
rather than in cell-cell contacts. Both effects appeared to
depend on tyrosine phosphorylation and could be blocked by
genistein. It thus appears that surface interactions with
cadherin or integrin can trigger long-range phosphotyrosinedependent signaling events which selectively affect cell-cell
and cell matrix adhesions. This selective autoregulatory
process provides a feedback mechanism to reinforce
selectively one of these two forms of adhesion in each cell.

MATERIALS AND METHODS
Cells
Chinese hamster ovary (CHO) cells were obtained from the American
Type Culture Collection (Rockville MD, USA). These cells were
transfected with cDNA encoding chicken N-cadherin (kindly
provided by M. Takeichi, Kyoto University) and subcloned into the
pECE eukaryotic expression vector (Ellis et al., 1986). Of the various

CHO-Ncad clones available we have used here a line (FL4) expressing
relatively high levels of N-cadherin (Geiger et al., 1992). The cells
were maintained in Dulbecco’s modified Eagle medium (DMEM)
containing 10% fetal calf serum (Bio-Labs, Israel). Cells were
cultured at 37°C in a humidified incubator under an atmosphere of
5% CO2 and 95% air.
Production and purification of N-cadherin ectodomain
(NEC)
To cluster N-cadherin, we have used a bacterially expressed
polypeptide corresponding to nearly the entire ectodomain of chicken
N-cadherin (NEC). The cDNA encoding the ectodomain of chicken
N-cadherin (from GAC 166 to GAC 1,720; GenBank accession
number X07277) was generated by the polymerase chain reaction
(PCR) using full-length chicken N-cadherin cDNA as a template and
inserted into the pET3d vector. The oligonucleotide primers contained
a 5′ NcoI restriction site and a 3′ BamHI restriction site, to facilitate
cloning into the bacterial vector.
The sequences of the two oligonucleotides were as follows: Nterminal primer: 5′-TCTATACCATGGACTGGGTTATCCCT-3′; Cterminal primer: 5′-TCTAGCGGATCCTAGTCAACATCAGTACA3′. To produce the cadherin ectodomain, competent BL21 cells were
transformed with the pET3d construct, and the expression of NEC was
induced with IPTG using the T7 polymerase-inducible pET system
(Studier et al., 1990). The inclusion bodies were isolated and the
protein extracted using GuHCl followed by renaturation in
DTE/glutathione solution (Buchner et al., 1992). The typical yield of
NEC obtained from 500 ml of bacterial cultures was 10-20 mg.
Preparation and application of cadherin- and integrinreactive beads
Polybead amino microspheres (mean diameter 6 µm, Polysciences,
Inc.), were coated with either NEC polypeptide, purified monoclonal
anti-N-cadherin (BE) antibodies (Volk and Geiger, 1986), human
plasma fibronectin purified as described by Miekka et al. (1982) or
ConA (Worthington Biochemical, USA), by washing 108 beads with
PBS at pH 7.4, incubating with 8% glutaraldehyde for 16 hours with
gentle mixing, washing with PBS followed by incubation with 500
µg/ml of NEC, FN, ConA or antibody for 5 hours. The beads were
then incubated with 0.5 M ethanolamine in PBS for 30 minutes
followed by incubation with 10 mg/ml BSA for 30 minutes and
resuspended in a storage buffer containing 10 mg/ml BSA, 0.1%
NaN3 and 5% glycerol in PBS, pH 7.4.
Immunochemical reagents and procedures
Cells grown on glass coverslips were fixed/permeabilized in a solution
containing 0.5% Triton X-100 and 3% paraformaldehyde in PBS for 3
minutes, postfixed with 3% paraformaldehyde for 20 minutes and
stained with the various antibodies. The antibodies used in this study
included: Pan-cadherin antibody CH19 and anti-human vinculin (Sigma
Chemical Co.); anti-P-Tyr 4G10 (UBI, Lake Placid, NY, USA); and
anti-β-catenin (94.5), a gift from Dr M. Wheelock (Dept of Biology,
University of Toledo). The secondary antibody was rhodamine-labeled
goat anti-mouse IgG (Jackson Laboratories). The cells were indirectly
immunolabelled and mounted in Elvanol (Mowiol 4-88, Hoechst,
Frankfurt, Germany) on glass slides and examined using either a
conventional fluorescence microscope (Zeiss Axiophot, Oberkochen,
Germany) or a digital fluorescence microscope (see below).
Digital immunofluorescence microscopy
The computerized microscopic system used here was based on the
design of Agard and Sedat (Agard et al., 1988, 1989), consisting of a
Zeiss Axioscope and Micro VAX III workstation which controls image
acquisition, light shutters, filter wheels and focus. Images were
recorded with a cooled, scientific-grade, charge-coupled device (CCD)
camera (Photometrics, Tucson, AZ, USA). Images were recorded into
an array processor (Mercury Computer Systems, Lowel, MA, USA)
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which calculated on-the-fly pixel-per-pixel correction for illumination
and CCD sensitivity, and scaled and deconvoluted images, essentially
in real-time (Chen et al., 1990; Hiraoka et al., 1990).
For pseudo-color quantitative representation of fluorescence
intensities, we randomly selected (using phase contrast) microscopic
fields with bead-associated cells and measured the image intensities.
Background fluorescence was routinely subtracted from the
experimental values. Sets of images (all obtained from the same
experiment) were displayed using the same color scale (mostly linear),
and the exact locations of the beads (based on the phase contrast
image) were marked. Images were photographed on Ektachrome 160
film using a Focus 4700 Imagerecorder (Focus Graphics, Foster City,
CA).
Calculation of fluorescence intensities
Cell-cell adherens junctions and focal adhesions (identified by labeling
for associated molecules, i.e. cadherin, β-catenin and vinculin) were
manually marked by polygons enclosing the entire relevant area, and
the net intensity of labeling (minus background) in them was
determined. The average intensity values of the enclosed pixels
displaying signal above the threshold level were then calculated.
The effect of cadherin- and integrin-reactive beads on cell
adhesions, using different combinations of cells and beads, was
examined in 12 independent experiments. Full quantitation (namely
addition of the four types of beads and labeling for the four antigens)
was repeated 3 times, and measurement of effects on cadherin and
catenin levels was performed in two additional experiments.
Variations between experiments were typically lower than 20%. In
each experiment data were collected from 15-20 microscopic images
containing a total number of about 50 marked cell-cell adhesions and
250 marked focal contacts, all in selected cells containing bound
beads. To compare the results obtained following treatment with
cadherin- and integrin-reactive beads to those found in control cells
(associated with ConA-beads), Student’s t-test was performed, and
significance values were calculated for each pair.
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cells were exposed to the external domain of N-cadherin (NEC).
For that purpose, NEC was over-expressed in bacteria, purified
from inclusion bodies and renatured (Fig. 1A). The purified 66
kDa polypeptide, which reacted with monoclonal antibodies
specific for the extracellular domain of N-cadherin (Fig. 1B),
was covalently linked to 6 µm Polybead microspheres. Similarly,
anti-N-cadherin monoclonal antibodies (BE) covalently linked
to the beads were also used to stimulate cadherin receptors. In
addition, fibronectin (FN) or ConA covalently linked to the 6 µm
microsphere beads were used to stimulate integrin receptors or
to mediate non-specific binding, respectively.
The specificity of binding of NEC and BE ligands to
cadherin receptors was determined by comparing CHO cells
(which express very low levels of cadherins) and N-cadherin
transfected CHO (CHO-Ncad) cells (Geiger et al., 1992). As
shown in Fig. 2A, the binding of the cadherin-reactive beads
(NEC, BE) to CHO-Ncad cells was considerably higher (3- to
6-fold) than to CHO cells. Moreover, when FN and ConA were

Scanning electron microscopy
Cells were cultured on glass coverslips for 24 hours, and then beads
were added for 30 minutes or 4 hours. The cells were fixed for 1 hour
with Karnovsky’s fixative (3% paraformaldehyde, 2% glutaraldehyde,
5 mM CaCl2 in 0.1 M cacodylate buffer, pH. 7.4, containing 0.1 M
sucrose), rinsed and postfixed for 1 hour with 1% osmium tetroxide
in 0.1 M cacodylate buffer followed by incubation with 1% tannic
acid in water and than with 1% uranyl acetate in water. The slides
were rinsed, dehydrated with a graded ethanol series, critically point
dried (Pelco CPD2) and sputter coated with gold (S150 Edwards,
USA). The specimens were examined at an accelerating voltage of
20-25 kV using a JEOL GMC 6400 scanning electron microscope.
Transmission electron microscopy
Cells were seeded in 35 mm Falcon dishes, for 24 hours and then
beads were added for 4 hours. The cells were fixed in Karnovsky’s
fixative, postfixed with 1% osmium tetroxide, 0.5% potassium
dichromate and 0.5% potassium hexacyanoferrate in 0.1 M cacodylate
buffer. The cells were stained en bloc with 2% aqueous uranyl acetate,
followed by ethanol dehydration. The dishes were embedded in Epon
812 (Tuosimis, MD, USA). Sections were cut using diamond knife
(Diatome, Biel, Switzerland) and examined using a Philips CM-12
transmission electron microscope at an accelerating voltage of 100 kV.

RESULTS
Production of specific ligands to cadherin and
integrin receptors
In order to modulate specific binding to the cadherin receptor,

Fig. 1. Bacterial expression and purification of N-cadherin
extracellular domain (NEC). cDNA encoding the chicken N-cadherin
extracellular domain was cloned into the pET3d plasmid and
expressed in BL21 cells following IPTG induction. (A) Coomassie
blue-stained polyacrylamide gel, showing protein extracts from
transformed BL21 bacteria, with (+) or without (−) IPTG induction
as well as the purified NEC. M, molecular mass markers.
(B) Western blot analysis of protein extract from CHO-Ncad cells
expressing full length chicken N-cadherin cDNA (CN), and Ncadherin extracellular domain (NEC) after purification from
inclusion bodies. Immunodetection used monoclonal antibody ID7.2.3 reactive with the extracellular domain of chicken N-cadherin
(Volk and Geiger, 1986).
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Fig. 2. Specificity and Ca2+ requirement of bead binding to CHONcad cells. (A) Four types of beads (coated with Concanavalin A
(CONA), with monoclonal anti-N-cadherin antibodies (BE), with Ncadherin extracellular domain (NEC) and with fibronectin (FN))
were added for 15 minutes to CHO cells or CHO-Ncad cells 24
hours after plating. The cells were washed, fixed, and stained with
DAPI and the number of beads bound to the cells was counted. The
ratio between number of beads bound to CHO-Ncad and CHO is
shown. (B) The various beads were added to CHO-Ncad cells for 15
minutes, with or without 2 mM EGTA. The number of beads bound
to the cells was counted and results expressed as the percentage of
total binding inhibitable by EGTA.

similarly analyzed, they showed no binding preferences toward
CHO or CHO-Ncad cells, as expected (Fig. 2A).
The interaction of NEC and BE with the cell surface was
found to be highly calcium dependent, in contrast to the
interaction of FN and ConA (Fig. 2B). This finding is
consistent with the known calcium-dependence of cadherinmediated interactions (Geiger and Ayalon, 1993) and further
suggests that the monoclonal antibody used here reacts with a
calcium-dependent epitope of N-cadherin.
Characterization of the interaction between CHONcad cells and the cadherin- and fibronectin-coated
beads
The binding of the various bead-conjugated ligands to the cell

surface and their fate at different time points after binding were
examined by scanning electron microscopy. As shown in Fig.
3, both the NEC-, and BE-coupled beads were attached to the
cell surface via extensive membrane protrusions which were
apparent within 30-40 minutes of binding (Fig. 3A,B). Upon
longer incubation (up to several hours), most of the beads were
apparently engulfed by the cells (data not shown). The
fibronectin-coated beads were also found to be attached to the
cells, and they were apparently endocytosed by the cells in a
manner similar to the cadherin-reactive beads (Fig. 3C). In
contrast, the ConA-coated beads, while avidly binding to the
cell surface, were not engulfed by the cells and remained
largely exposed at the cell surface even after prolonged
incubation (Fig. 3D). Transmission electron microscopy
provided some additional insight into the mode of binding of
beads to the surface and the fate of the beads after prolonged
incubation. Examination of the interface between the cells and
the cadherin- or integrin-reactive beads showed a very close
association of the beads with the cell surface (Fig. 3E-H).
Moreover, careful serial sectioning indicated that many of the
apparently internalized beads were not fully enclosed in an
endocytic or phagocytic vesicle but were located instead in
deep, unsealed membrane folds (Fig. 3E′). This notion was
further corroborated by fluorescence labeling of nonpermeabilized cells that were previously incubated for several
(2-4) hours with anti-N-cadherin (BE)-coated beads with
fluorescent goat anti-mouse IgG. Fluorescence microscopic
examination of these specimens indicated that most of the
beads were accessible to the antibody even after 4 hours of
incubation (data not shown).
Long-range changes in cell-cell junctional proteins
induced by cadherin receptor stimulation
The intensity of immunolabeling for cadherin at cell-cell
junctions dramatically increased following 20 minutes of
cadherin receptor stimulation using either NEC- or BE-coated
beads (Fig. 4). This increase in cadherin levels (in cells
associated with the cadherin reactive beads) occurred at cellcell junctions irrespective of their proximity to the site of
cadherin receptor stimulation (i.e. the bead binding site).
Interestingly, enhanced levels of cadherin staining (usually 1.5to 2-fold higher than the levels measured in control cells) were
commonly detected in cells neighboring those associated with
cadherin-reactive beads (Fig. 4). Occasionally, cadherin was
also detected at the bead-cell interface, but at lower levels than
those detected at cell-cell junctions, and the labeling was often
heterogeneous, reflecting the variable modes of cell-bead
interaction apparent from the electron microscopic data in Fig.
3 (see Discussion). It is noteworthy that soluble NEC or anticadherin antibodies did not induce a similar enhancement of
adherens junctions (not shown), while NEC immobilized on
the flat tissue culture substratum induced a generalized increase
in cadherin localization at cell-cell junctions (unpublished
data). In contrast, integrin receptor stimulation, using FNcoated beads, did not induce an increase in cadherin levels at
cell junctions and even a slight reduction was observed (Fig. 4
‘FN’ and Fig. 8). In addition, ConA beads had no apparent
effect on cadherin levels in cell-cell junctions as expected (Fig.
4 ‘ConA’).
To evaluate the extent of enhancement of cadherin labeling
at cell junctions following cadherin receptor stimulation using
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Fig. 3. Scanning (A-D) and transmission
(E-H) electron microscopy of CHO-Ncad
cells, following 30 minutes (A-D) or 4
hours (E-H) incubation with the different
types of beads. The beads were conjugated
with monoclonal anti-N-cadherin
antibodies (BE) (A and F), with N-cadherin
extracellular domain (NEC) (B, E and E′),
with fibronectin (C and G) or with ConA
(D and H). The insert E′ shows a section
revealing the lack of a complete membrane
seal around the bead, which was commonly
observed for each of the endocytosed
beads. It is noteworthy that the ConAcoated beads were firmly but only
superficially associated with the cell
surface. Bars, 1 µm (A-D and E-H are at
the same magnification).

either NEC- or anti-N-cadherin (BE)-coated beads, we
quantitated the local immunofluorescence intensities
associated with these sites using a digital microscopic system

(see Materials and Methods). As shown in Fig. 8A, both types
of cadherin-reactive beads induced a highly significant (3- to
4-fold) increase in the intensity of labeling of junctional
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Fig. 4. The effect of cadherin- and
integrin-reactive beads on the
distribution and level of endogenous
N-cadherin in CHO-Ncad cells.
Cells were seeded on glass
coverslips, and 24 hours later beads
coated with the various ligands were
added to the cells. The ligands
included: N-cadherin extracellular
domain (NEC), monoclonal anti-Ncadherin antibodies (BE),
fibronectin (FN) and ConA
(CONA). Following 20 minutes of
incubation at 37°C, the cells were
fixed and stained with anti-Ncadherin antibodies. The labeled
cells were examined by digital
microscopy, using identical
exposure times (1 second). Net
fluorescence was calculated and
represented as pseudocolors (see
scale at the lower left corner in
arbitrary intensity units). Red circles
indicate the location of beads.

Fig. 5. The effect of cadherin- and
integrin-reactive beads on the
distribution and level of endogenous
β-catenin in CHO-Ncad cells. Cells
were seeded on glass coverslips; 24
hours later, beads coated with the
various ligands indicated were
added to the cells as described for
Fig. 4 above.

cadherin, compared to ConA-beads (P<0.001). In contrast
integrin-receptor stimulation reduced cadherin at cell junctions
by 1.5-fold (P<0.02).

In order to determine whether the high levels of junctional
cadherin described above were induced by the associated
cadherin-reactive beads or whether these beads merely bound
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Fig. 6. The effect of cadherin- and
integrin-reactive beads on the
distribution and level of endogenous
vinculin in CHO-Ncad cells. Cells
were seeded on glass coverslips; 24
hours later, beads coated with the
various ligands indicated were added
to the cells as described for Fig. 4
above.

Fig. 7. The effect of cadherin- and
integrin-reactive beads on the
distribution and level of
phosphotyrosine in CHO-Ncad cells.
Cells were seeded on glass
coverslips; 24 hours later, beads
coated with the various ligands
indicated were added to the cells as
described for Fig. 4 above.

to cells that had intrinsically high cadherin levels, we compared
the frequency of cells with high cadherin labeling in NEC-bead
treated and control cultures. For each culture, 15-20 fields were

randomly selected and about 100 adhesion sites marked and
analyzed. The selection of fields was performed irrespective of
the presence or absence of beads. In the non-treated cells
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Fig. 8. Quantitative analysis of the effect of cadherin- and integrinreactive beads (NEC and BE, see legend to Fig. 4), as well as ConAcoupled beads, on the levels of cadherin (CAD), β-catenin (CAT),
vinculin (VIN CC) and phosphotyrosine (PY CC) in cell-cell
contacts, as well as vinculin and phosphotyrosine in focal contacts
(VIN F and PY F, respectively). The experiment was conducted in
the presence (B) or absence (A) of 100 µg/ml of the broad-spectrum
tyrosine kinase inhibitor genistein. The bars represent the change in
immunofluorescence intensity relative to the labeling for the same
component in cells treated with ConA-coupled beads. Note that
genistein effectively abolished the changes in cadherin, catenin and
phosphotyrosine intensities induced by each of the various beads.

culture a rather narrow distribution of junctional labeling
intensity was obtained, with a maximum of 5% of the cells
exhibiting intensity levels comparable to those commonly
found in cells attached to the cadherin-reactive-beads. In
cultures incubated with NEC-beads, on the other hand, over
30% of the total cell population exhibited elevated cadherin
levels, and these cells were essentially all attached to the beads.
In typical experiments, 30-50% of the cells were associated
with the beads.
In addition to the increase in junctional cadherin levels, a
similar enhancement (2.5- to 3.5-fold) of the submembrane
adherens junctional protein, β-catenin, was observed following
cadherin receptor stimulation by either NEC- or anti-N-

cadherin (BE)-coated beads (Figs 5 and 8). This increase was
found to be highly significant (P<0.001). Some increase in βcatenin levels was also observed in neighboring cells. Similarly
to cadherin, β-catenin levels were slightly reduced following
integrin receptor stimulation, by FN-coated beads, while
ConA-coated beads had no apparent effect on the cells (Figs 5
and 8).
Changes in vinculin and phosphotyrosine levels
following cadherin- and integrin-receptor
stimulation
To examine further, the differential effects of specific cadherinand integrin-receptor stimulation on cell-cell versus cell-matrix
adhesions, we analyzed the levels of vinculin, the
submembranous protein that is associated with both types of
adhesion sites. As shown in Figs 6 and 8, there was small, yet
reproducible, enhancement of junctional vinculin following
cadherin-receptor stimulation (P<0.05), accompanied by a
modest, yet highly significant (P<0.001), reduction in vinculin
staining at focal contacts when compared to incubation of cells
with ConA-coated beads. Integrin receptor stimulation, on the
other hand, moderately reduced vinculin levels at cell-cell
adhesions and induced a major and highly significant
(P<0.001) increase (2.5-fold) in vinculin levels at focal
contacts (Figs 6 and 8).
In view of the involvement of tyrosine-specific protein
phosphorylation in both cell-cell and cell-matrix adhesion, we
examined the subcellular distribution of proteins containing
phosphotyrosine following cadherin- and integrin-receptor
stimulation. Specific stimulation of cadherin receptor using
NEC- and BE-coated beads induced high levels of junctional
phosphotyrosine labeling (1.5- to 2.5-fold increase), and
decreased the level of phosphorylation in focal contacts to half
the control value (Fig. 7 ‘NEC’ and ‘BE’ and Fig. 8A). Both
effects were highly significant (P<0.001). On the other hand,
specific stimulation of integrin receptor by fibronectin-coated
beads enhanced phosphotyrosine levels in focal contacts (1.5to 2-fold increase, P<0.001; see Fig. 7 ‘FN’ and Fig. 8A ‘PY
F’). Similar effects were induced by beads coated with RGD
peptides (data not shown).
To determine whether the changes in the organization of
cadherin, β-catenin and vinculin induced by the various beads
depend on tyrosine phosphorylation, the broad-spectrum
tyrosine kinase inhibitor genistein (100 µg/ml) was added to
the cultures together with the beads. This treatment essentially
abolished the effects of the different beads on the distribution
of the three junctional proteins (Fig. 8B).
Taken together, cadherin receptor stimulation using NEC- or
BE-coated beads caused a major increase in cadherin and βcatenin at cell-cell junctions. Vinculin and phosphotyrosine
staining in these sites also increased, while their levels at focal
contact sites were significantly reduced (Fig. 8A). Integrin
receptor stimulation, on the other hand, reduced cadherin and
β-catenin at cell-cell junctions, and significantly increased
vinculin and phosphotyrosine in focal contacts. This
reorganization appeared to depend on tyrosine phosphorylation.
DISCUSSION
In this study, we have identified a novel set of mutually
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exclusive and reciprocally regulated changes in the structure
and molecular organization of cellular adhesion sites, which
are triggered by cadherin- or integrin-mediated interactions.
These apparent autoregulatory events involve transmembrane
signaling systems. One system selectively enhances the
assembly of cell-cell adherens junctions following stimulation
via the cadherins, and is accompanied by a reduction in cellsubstrate focal adhesions. The other system reciprocally
enhances the assembly of focal adhesions while reducing
adherens junctions.
In other words, interactions mediated through each major
adhesion system, cadherin or integrin, specifically and
selectively enhance the formation of only the same type of
adhesive structure. Each process involves long-range and
apparently positively cooperative effects, since contact at a
single point on the cell surface triggers enhancement of the
homologous adhesive structure throughout the cell. In addition,
we provide evidence for roles of site-selective tyrosine-specific
protein phosphorylation in each of these processes.
Adhesive interactions characteristically involve forms of
molecular synergism that reflect the complex nature of cell
contact. On the exterior of the cell, local aggregation of
adhesion receptors synergizes with occupancy by ligand to
mediate accumulations of certain cytoskeletal molecules
(Miyamoto et al., 1995a). Conversely, such adhesion receptors
appear to be stabilized further or even recruited to primordial
adhesions by a submembrane mesh of plaque proteins (Geiger
et al., 1990; Geiger, 1993a; Yamada and Geiger, 1997). A
complex hierarchy of cytoskeletal and signaling molecules
accumulate in local transmembrane complexes near the site of
contact with an integrin ligand such as fibronectin (e.g. see
Miyamoto et al., 1995b).
The autoregulatory mechanism described here is
conceptually different, because it involves long-range (rather
than local) induction of junction assembly. In the following,
we would like to discuss the capacity of cell adhesion to both
induce such signals and to respond to them. The concept that
adhesion to different surfaces can activate specific signaling
cascades is based on several lines of evidence. Interactions with
the extracellular matrix are known to be essential for normal
cell growth (Stoker et al., 1968; Folkman and Moscona, 1978)
and often for blocking apoptosis (Meredith et al, 1993; Frisch
and Francis, 1994; Re et al., 1994; Boudreau at al., 1995), a
phenomenon referred to as ‘anchorage dependence’.
It has further been demonstrated that modulation of
signaling processes, such as inhibition or stimulation of
tyrosine phosphorylation or changes in the levels or activity of
small G-proteins of the Rho family has a profound effect on
the structure, dynamics and stability of cell adhesions (Ridley
and Hall, 1992; Volberg et al., 1992; Hamaguchi et al., 1993;
Tokman, 1997). Moreover, it has been shown that adhesion to
specific surfaces can induce tyrosine phosphorylation in cells
(Burridge et al., 1992; Kornberg et al., 1992) and that both
adherens junctions and focal contacts are major tyrosine
phosphorylation sites in cells (Kinch et al., 1997). In addition,
at least two distinct types of MAP kinase activation, calcium
influx, and pH changes are triggered by integrin-mediated cell
interactions with extracellular matrix (Clark and Brugge, 1995;
Miyamoto et al., 1995b; Schwartz et al., 1995). Finally, it has
been shown that many transformed cells display reduced
contact responsiveness, deteriorated adhesion sites and
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deregulated growth (Behrens et al., 1989; Shimayoma et al.,
1992; Van Roy and Mareel, 1992; Tsukita et al., 1993; Becker
et al., 1994; Watabe at al., 1994).
These many types of signaling events triggered by cell
adhesion can modulate a variety of general cellular processes.
The mutually exclusive autoregulation of adherens junctions or
focal contacts described in this study appears to be a novel
phenomenon. Despite the fact that both integrin- and cadherinmediated effects involve tyrosine phosphorylation, the targets
for the two processes are distinctly different. One speculation
is that the integrin-reactive beads activate the integrin
cytoskeletal and signaling pathway (Curtis et al., 1992;
Schlaepfer et al., 1994; Miyamoto et al., 1995b) in treated cells,
and that a soluble ‘second messenger’ produced following this
stimulation is targeted to focal adhesions, upregulating local
tyrosine phosphorylation and thus inducing increased assembly
of these structures. The nature of the cadherin-mediated signal
involved in the stimulation of adherens junction assembly is
presently unclear, since so little is known about cadherinmediated signaling.
Another noteworthy observation is the reciprocity between
the level of organization of cell-cell and cell-matrix contacts.
These inter-relationships could be interpreted as reflecting
competition for molecular ‘building blocks’ shared by the two
types of adhesion. Thus, stimulation of junction assembly by
cadherin beads might cause a shortage of components such as
vinculin, leading to deterioration of focal contacts, and vice
versa. The other alternative, however, is that the signals
induced by each adhesion system have, in fact, direct inhibitory
activity on the heterologous system. To distinguish between
these two possibilities, we have examined whether NEC-coated
beads affect focal contacts in individual cells. In a series of
preliminary experiments we did not observe a significant
reduction in focal contacts, suggesting that the primary effect
is the augmentation of cell-cell junctions and that the effect on
focal contacts is secondary.
An interesting and intriguing observation was the low and
inconsistent level of cadherin labeling at the cell-bead
interface, compared to the higher cadherin levels detected at
the junctions of the same cells. While the basis for such
differences is still not clear, it may reflect the capacity of the
native junctions to grow by recruiting additional cadherin
molecules to sites of adhesion between neighboring cells, in
contrast with the more limited capacity of cadherin molecules
to pack into the cell-bead contact area. The enhanced
accumulation of cadherin molecules at sites of contact with the
adjacent cell might trigger a propagated signal in that second
cell as well. In line with this view, one might expect to observe
some augmentation of junction formation in beads-free cells
which are directly neighboring bead-associated cells. As
shown in Figs 6 and 7, this indeed was the case. This ‘neighbor’
effect raises another interesting question: why are the beadassociated cadherin ligands so effective in inducing junction
assembly, compared to neighboring cells which carry on their
surface the same cadherin? While we have no direct
explanation for this difference, it appears possible that a certain
minimal surface density of cadherins is essential for initiating
the long-range response. Such threshold density might be
present on the bead surface but not on the CHO-Ncad cells
used here. This possibility is also in line with previous findings
that transfected CHO cells expressing different levels of N-
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cadherin differ significantly in their morphology and capacity
to form stable junctions (Geiger et al., 1992). Attempts to test
this possibility by adding to the CHO-Ncad cells beads
containing different densities of the cadherin ligands at their
surface, or reacting the beads with epithelial cells that contain
prominent junctions, are currently underway.
In summary, these studies establish a novel phenomenon of
autoregulatory stimulation of adhesion sites that is specific and
mutually exclusive for adherens junctions and focal adhesions
after local clustering and/or immobilization of surface integrins
or cadherins. The effects are transmitted throughout the cell,
are both dependent on tyrosine phosphorylation, and yet are
reciprocal. Future studies could focus on the possible
intracellular signaling mechanisms involved. Whatever the
mechanisms that underlie these events, the phenomenon
provides a new means for feedback augmentation of a
particular adhesive mechanism, whether mediating cell-cell or
cell-substrate adhesion and interaction.
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