547

Journal of Cell Science 110, 547-556 (1997)
Printed in Great Britain © The Company of Biologists Limited 1997
JCS8067

Cyclic changes in the organization of cell adhesions and the associated
cytoskeleton, induced by stimulation of tyrosine phosphorylation in bovine
aortic endothelial cells
Oran Ayalon1,2 and Benjamin Geiger1,*
1Department of Molecular Cell Biology, The Weizmann Institute of Science, Rehovot 76100, Israel
2Boyer Center for Molecular Medicine, Yale University School of Medicine, New Haven, CT 06511,

USA

*Author for correspondence

SUMMARY
In this study we have investigated the relationships between
the stimulation of tyrosine-specific protein phosphorylation
and the state of assembly of cell-cell and cell-matrix
adherens-type junctions. Bovine aortic endothelial (BAE)
cells were treated with either the phosphotyrosine phosphatase inhibitor pervanadate or with epidermal growth
factor (EGF), and the effect of the treatment on the organization of cell contacts and the actin cytoskeleton was
evaluated by digital immunomicroscopy. We show here that
pervanadate induced a dramatic (about 40-fold) increase in
the level of phosphotyrosine labeling of cell-cell junctions,
which reached maximal values following 20 minutes of
incubation. Concomitantly, the junctional levels of vinculin,
actin and plakoglobin increased, followed by a slower
recruitment of cadherins to these sites. Upon longer incubation cell-cell junctions deteriorated and stress fibers and

focal adhesions were formed. EGF stimulation of serumstarved BAE cells induced a rapid ‘wave’ of junctional
tyrosine phosphorylation, followed by cyclic changes in the
local levels of phosphotyrosine labeling. Periodic changes
were also found in the intensity of labeling of junctional
actin, vinculin and cadherins.
These results suggest that tyrosine phosphorylation and
the assembly of cell-cell adherens junctions are interdependent processes, and raise the possibility that the
cross-talk between the two is responsible both for the regulation of junction formation and for adhesion-mediated
signaling.

INTRODUCTION

to be molecularly dynamic structures whose constituents are in
either junctional (immobile) or extrajunctional (diffusible)
pools, between which a dynamic equilibrium exists. Shifts in
this equilibrium in one direction or the other may lead to the
assembly of junctions, or to their disassembly. Such changes
may occur due to modulation of the levels of junctional constituents (Ben-Ze’ev et al., 1994; Bershadsky et al., 1996;
Gluck and Ben-Ze’ev, 1994; Gluck et al., 1992) or to their posttranslational modification (Burridge et al., 1992; Chrzanowska
and Burridge, 1994; Romer et al., 1994).
Among the main targets for phosphorylation of tyrosyl
residues are different junctional components such as vinculin
(Vostal and Shulman, 1993) talin (Chen et al., 1995; Pavalko
et al., 1995), paxillin (Turner, 1994; Turner and Miller, 1994),
tensin (Lo et al., 1994) and catenins (Hamaguchi et al., 1993;
Hoschuetzky et al., 1994; Shibamoto et al., 1994). It was postulated that tyrosine phosphorylation of these compounds
might affect their interactions and assembly into adherens
junctions.
Recent studies pointed to several tyrosine-specific protein
kinases involved in these processes, including the p125 focal
adhesion kinase (Romer et al., 1994; Schaller and Parsons,

Adhesive interactions of cells with their neighbors or with the
extracellular matrix (ECM) are responsible for a wide variety
of morphogenic processes (Edelman et al., 1990; Edelman,
1994; Hynes, 1994). Some of these are directly related to the
physical interactions with the immediate environment while
others involve long-term and long-range events, affecting cell
behavior and fate (Geiger et al., 1992; Schmidt et al., 1993).
Such interactions were shown to require specific transmembrane adhesion molecules, which specifically bind to ‘ligands’
at the external surface and to the cytoskeleton at the cell interior
(Edelman, 1994; Geiger and Ayalon, 1992; Geiger et al., 1992;
Hall et al., 1994). Particularly prominent among the cytoskeleton-bound junctions are adherens-type junctions (AJ), which
are specifically associated with the actin-containing microfilament system. This linkage occurs via a submembranal plaque
consisting of ‘anchor proteins’ such as vinculin, α-actinin, talin
and catenins (Geiger et al., 1992; Kam et al., 1995; Tsukita et
al., 1992) and a variety of enzymes which presumably play regulatory roles (Eide et al., 1995; Geiger et al., 1992; Hamaguchi
et al., 1993). Despite their apparent stability, AJs are believed
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1995; Seufferlein and Rozengurt, 1994) different members of
the src family (Aghib and McCrea, 1995; Fincham et al., 1995)
and certain transmembrane receptor tyrosine kinases (Geiger
et al., 1992). Furthermore, it has been shown that stimulation
of tyrosine phosphorylation, either by inhibiting dephosphorylation (Volberg et al., 1992; Bennett et al., 1993) growth factor
activation (Abedi et al., 1995; Chrzanowska and Burridge,
1994; Rankin and Rozengurt, 1994) or the expression of
oncogenic tyrosine kinases (Sommers et al., 1994; Volberg et
al., 1991) lead to radical changes in cytoskeletal and junctional
integrity. In epithelial cells, for example, inhibition of dephosphorylation leads to a dramatic increase in AJ-associated phosphotyrosine which is apparent already within 2-5 minutes of
incubation. At longer periods, AJs deteriorated, concomitantly
with a marked increase in the number and size of vinculin- and
actin-containing focal contacts (Volberg et al., 1991, 1992).
In the present study we have modulated the levels of phosphotyrosine by two alternative approaches. The first was based
on the inhibition of protein tyrosine phosphatases (PTPase) by
H2O2 and vanadate (‘pervanadate’), and the second involved
direct stimulation of PTKs by serum or epidermal growth
factor (EGF). Both stimuli were shown to affect adhesive interactions of cells. For example, phosphorylation of the Ecadherin/β-catenin complex leads to down-regulation of intercellular junctions (Collares-Buzato et al., 1994; Shibamoto et
al., 1994) and tyrosine phosphorylation of focal contact components in transformed cells induce deterioration of cell-matrix
interactions and cytoskeletal reorganization. Paradoxically,
tyrosine phosphorylation also appears to stimulate and to be
stimulated by integrin-mediated adhesion. Antibody mediated
clustering of integrins or their activation by ligands causes an
increase in tyrosine phosphorylation in focal contacts, possibly
by p125FAK and inhibition of phosphorylation blocks adhesion
(Chrzanowska and Burridge, 1994; Miyamoto et al., 1995;
Schaller and Parsons, 1995).
In the present study we performed a quantitative microscopic analysis of the kinetics of junction-associated tyrosinephosphorylation, following pervanadate- or EGF-stimulation
of endothelial cells. We show here that after serum starvation,
cells display low intrinsic levels of P-Tyr. Inhibition of PTPases
by pervanadate, or direct stimulation of PTKs, induced a rapid
increase in assembly and phosphorylation of intercellular
junctions. Longer stimulation, however, resulted in junction
deterioration. We show that the increase in junctional levels of
actin, vinculin and plakoglobulin was rapid, reaching maximal
values at about 20 minutes and that cadherin accumulation in
the junctions occurred somewhat later. During junction disassembly, plakoglobin was affected first, followed by vinculin
and cadherins.
Continuous stimulation of starved BAE cells with EGF, for
several hours, resulted in several cycles of phosphorylation at
cell-cell junctions (with a periodicity of 90-120 minutes)
accompanied by cyclic changes in the junctional levels of
vinculin and cadherin.

Fig. 1. Pseudo-color representation of the levels of labeling and
subcellular distribution of P-Tyr in pervanadate-treated BAE cells.
Incubation times were: untreated control (a), 3 minutes (b), 20
minutes (c), 40 minutes (d), 60 minutes (e), and 90 minutes (f). A
logarithmic scale of pseudocolors, corresponding to the fluorescence
intensity (in arbitrary units), is shown (as described in Materials and
Methods). Bar, 10 µm.

Institute. Pan-cadherin antibodies were prepared in rabbits by injections of a synthetic peptide corresponding to the 24 C-terminal amino
acids of chicken N-cadherin coupled to hemocyanin (Geiger et al.,
1990). These antibodies were previously shown to react with essentially all known, classical cadherins. Monoclonal anti-human-vinculin
and anti-human-von-Willebrand factor were purchased from Sigma
Immunochemicals (St Louis, USA). Anti-plakoglobin was kindly
provided by Dr Werner Franke (Heidelberg, Germany). Actin
filaments were visualized with TRITC-phalloidin (Sigma Chemical
Co, St Louis, USA). Fluorescein- and rhodamine-conjugated
secondary antibodies (reactive with either rabbit or mouse IgG) were
purchased from Jackson Labs (MI, USA) and cross adsorbed,
whenever necessary, on the heterologous IgG to diminish interspecies
cross reactivity.

MATERIALS AND METHODS

Cell culture
Bovine aortic endothelial (BAE) cells were kindly provided by Dr
Israel Vlodavsky (The Hebrew University, Jerusalem). The cells were
cultured in DMEM supplemented with 10% bovine calf serum
(Hyclone Laboratories Inc., Logan, Utah). Cultures were split soon
after reaching confluence by 2 minute treatment with 0.1% trypsin.
Cells used in this study were routinely checked for the expression of
von Willebrand factor by immunofluorescence microscopy to verify
their endothelial nature.

Immunochemical reagents
Monoclonal anti-phosphotyrosine (P-Tyr) antibodies (clone #20.5)
were obtained from the monoclonal antibody unit of the Weizmann

Pervanadate and EGF stimulation
For inhibition of phosphatases, cells were washed 3 times with serumfree medium followed by up to 15 minutes incubation with pervana-
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Fig. 2. Quantitative analysis of PTyr levels at cell-cell AJ of BAE
cells stimulated with pervanadate
(a) or EGF (b). Prior to the
stimulation with pervanadate (a),
cells were grown with (solid line)
or without (broken line) serum for
72 hours. For EGF stimulation (b),
cells were maintained without
serum for 72 hours before
stimulation. Data were collected
and averages and error values
calculated as described in
Materials and Methods. The basal
(normal) level of P-Tyr in BAE
cells (grown in serum-containing
medium) is indicated (horizontal
line and arrow in b).
date (1 mM sodium orthovanadate + 1 mM H2O2 in DMEM). For
longer treatments, cell were stimulated with pervanadate for 15
minutes, then washed 3 times with fresh serum-containing medium,
and further incubated as specified (Volberg et al., 1992).
For stimulation by EGF cells were cultured for 24-72 hours in
serum-free DMEM, and then supplemented with serum-free medium
containing 100 ng/ml EGF (Toyobo Co. Ltd, Osaka, Japan).

examined with a Zeiss Axiophot microscope using a 100/1.3
Planapochromat objective.
Electrophoresis and immunoblotting
Cells were lysed directly in boiling Laemmli sample buffer and
subjected to SDS-PAGE (Laemmli, 1970) on 8% polyacrylamide gels

Indirect immunofluorescence
Cells, cultured on glass coverslips, were fixed and permeabilized for
2 minutes with a mixture of 3% paraformaldehyde and 0.5% Triton
X-100, and then further fixed for 20 minutes with 3% paraformaldehyde alone. The fixed cells were rinsed and incubated for 45 minutes
at room temperature with the relevant primary antibodies, washed 3
times with PBS and incubated for 45 minutes with the fluorophoreconjugated secondary antibodies. Stained coverslips were mounted in
Elvanol (Mowiol 4-88, Hoechst, Frankfurt, Germany) and routinely

Fig. 3. Immunoblotting analysis of BAE cells following pervanadate
stimulation. Total protein extract was electrophoresed on a 5-15%
gradient polyacrylamide gel, and immunoblotted with anti-P-Tyr
antibodies. Cells were treated with pervanadate for the indicated time
(slots marked: 0’ and 3’ were of untreated and 3 minute-treated
samples (as ‘0’ and ‘3’), exposed longer, to visualize weak bands).
The mobility of protein size markers is indicated in kDa.

Fig. 4. Effects of EGF stimulation on the distribution of P-Tyr in
serum starved BAE cells. Starved cells were stimulated with EGF for
different intervals: 20 minutes (a); 90 minutes (b); 150 minutes (c);
210 minutes (d); 330 minutes (e); untreated control (f). Following
treatment the cells were fixed and immunofluorescently stained with
anti-P-Tyr antibodies. Bar, 10 µm.
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Fig. 5. The subcellular distribution and
labeling intensities of several
junctional molecules at different time
points after pervanadate treatment. A
scale of colors, corresponding to
fluorescence intensity, is attached for
each of the examined molecules,
including cadherins (a), plakoglobin
(b), vinculin (c) and actin (d),
reflecting their relative amounts at
junctional sites. Note that as for
tyrosine phosphorylation, the different
junctional proteins display a biphasic
response to pervanadate: Short term
phosphorylatin resulted in an
augmentation of AJ labeling, whereas
longer incubation resulted in junction
disassembly. Bar, 10 µm.
followed by electrophoretic transfer of the proteins to nitrocellulose
paper (Hybondtm-C, Amersham International PLC, England). The
positions of tyrosine phosphorylated polypeptide bands were identified using specific anti-phosphotyrosine antibodies, followed by
horseradish-peroxidase-linked goat anti-mouse Ig. Bands were
detected using the ECL™ western blotting detection system
(Amersham International PLC, England).
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 Axiomat microscope 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
read into an array processor (Mercury Computer Systems, Lowel, MA,
USA) 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 measured the image intensities and corrected the
values according to exposure time and excitation arc-flux. Background fluorescence was routinely subtracted from the experimental values.
Sets of images (representing one experiment) were displayed using
the same color scale (either logarithmic or linear), and photographed
on Ektachrome 160 film using the Focus 4700 Imagecorder (Focus
Graphics, Foster City, CA, USA).
Calculation of fluorescence intensities
Regions corresponding to cell-cell adherens junctions (routinely identified by labeling for junction-associated molecules such as vinculin,
cadherin and plakoglobin) were manually marked by polygons,
enclosing the entire junctional area and the intensity of labeling in
them determined by averaging the measured intensities in the enclosed
pixels.
Five polygons corresponding to randomly selected junctional
regions were measured in every picture. For each antibody labeling
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and/or time point, data were collected from 10-20 pictures for each
experiment, and the experiments were repeated 2-5 times.
Raw data (sample size ranging from 100-500 polygons) were
analyzed using the StatView 512+TM program (Abacus Concepts Inc.,
Berkeley, CA). Junctional fluorescence at different time points after
treatment were compared using Analysis of Variance (a=0.99), and
averages and standard error values were calculated.

RESULTS
Quantitative analysis of pervanadate-induced
tyrosine phosphorylation in bovine aortic
endothelial cells
BAE, cultured in serum containing medium, exhibited low yet
significant levels of P-Tyr throughout the cytoplasm with some
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enrichment in perinuclear areas and along cell-cell junctions
(Fig. 1a), as verified by co-localization with cadherin antibodies (not shown). The labeling intensity for P-Tyr at cell-cell
junctions was approximately 6-fold higher than that measured
in serum-starved cells (not shown). Within 3 minutes of pervanadate treatment, P-Tyr labeling in cells growing in either
serum-free or normal medium increased dramatically (Fig. 1b
and Fig. 2a), most prominently along cell-cell junctions with
some diffuse cytoplasmic and nuclear staining. Upon longer
incubation junctional P-Tyr levels continued to increase,
reaching maximal values at 20 minutes (Fig. 1c), after which
they sharply declined, concomitantly with an apparent fragmentation of the junctions (Fig. 1d-f and Fig. 2a). It is noteworthy that within that time frame, the junctional fluorescence
was typically 10-fold higher than that measured within the
cytoplasm. Comparison of the intensities of P-Tyr labeling at
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the different time points was essentially identical in cells
growing in serum-free and serum-containing media (Fig. 2a),
despite the significant differences in the pretreatment values.
Upon longer incubation, pervanadate-treated cells progressively detached from the substrate, despite the fact that they
were ‘pulsed’ with pervanadate for only 15 minutes and were
subsequently growing in regular medium. It should be emphasized that the decline of junctional labeling for P-Tyr occurred
irrespective of the replacement of the pervanadate-containing
medium with regular medium and that the total levels of P-Tyr
in the cells, as detected by western blotting, did not change significantly in the 10-60 minute interval after the addition of pervanadate (Fig. 3)
Western blotting analysis indicated that the stimulation with
pervanadate resulted in a dramatic augmentation of the phosphorylation of a large number of protein bands, ranging in
molecular mass from 16-200 kDa. A significant level of phosphorylation was already apparent after 3 minutes and the levels
increased upon longer incubation. Interestingly, the changes
observed in the phosphorylation levels of different protein
bands, varied significantly. These included a gradual increase
in the phosphorylation of some bands (i.e. 125, 36 kDa),
transient phosphorylation of others, peaking at 10-40 minutes
(i.e. 64, 150 kDa) and late onset of other bands (i.e. 61, 85
kDa). At this stage no systematic attempt was made to identify
the various phosphoproteins.
EGF-induced phosphorylation of intercellular
junctions in serum-starved cultured endothelial
calls
In an attempt to stimulate tyrosine phosphorylation in a more
physiologically-relevant manner, we have exposed BAE cells
to EGF. In a series of preliminary experiments it was found
that the growth factor had no apparent effect on junction
phosphorylation, when added to cells growing in normal
medium. However, EGF stimulation of serum-starved BAE
cells resulted in a conspicuous tyrosine phosphorylation of
AJ (Fig. 4 and Fig. 2b). The labeling intensity of the junction
reached maximal values after 20 minutes of incubation,
similar to the kinetics of pervanadate stimulation, though the
level of phosphorylation was approximately 20-fold lower
(Fig. 2).
Immunofluorescence labeling of cells stimulated with EGF

Fig. 6. Quantitative evaluation of the changes in the subcellular
distribution of actin, vinculin, cadherins and plakoglobin,
following pervanadate treatment. Fluorescence intensities were
measured at intercellular junctions (AJ, solid lines), at stress
fibers (SF, broken line) and at focal contacts (FC, broken line).

for longer periods revealed a sharp decrease in the junctional
staining, reaching minimal values between 40 and 90 minutes
after addition of EGF (Fig. 2b, and Fig. 4b). The level of junctional staining at that time point was very similar to the ‘basal
level’ of phosphorylation in BAE cells, growing in serum-containing medium. Further incubation in the presence of EGF
resulted in an additional ‘wave’ of phosphorylation, peaking at
2.5 hours, followed by reduction in junctional P-Tyr (at 3.5
hours) and another phosphorylation cycle. In general, the
‘peaks’ and ‘valleys’ were symmetrically distributed above and
below the ‘basal level’ found in cells growing in serum-containing medium (see broken horizontal line in Fig. 2b) and the
differences between them were statistically significant
(P<0.001). The typical pattern of P-Tyr labeling of EGF-stimulated BAE cells is shown in Fig. 4. In the untreated cells the
labeling could hardly be detected (Fig. 4f), while at 20 minutes
fine, beaded labeling, was associated with AJ (Fig. 4a). All
time points selected correspond to the maximal and minimal
points in Fig. 2. In addition to the junctional staining, increasing levels of diffuse labeling were detected throughout the cells
and, especially, at the perinuclear area (Fig. 4). It should be
emphasized that the values presented here represent local fluorescence intensities and do not bear on the integrity of the
junctions.
Effects of pervanadate treatment on the integrity of
intercellular junctions and the distribution of
junctional molecules
To determine whether the observed changes in junction-associated P-tyr levels following pervanadate stimulation, reflect
changes in affected junction integrity, the subcellular distributions and local intensities of several junctional molecules were
examined using digital microscopy. The results (shown
visually in Fig. 5, and quantitatively in Fig. 6) indicate that pervanadate stimulation induces a biphasic effect on junction
assembly and actin organization. This was manifested by a
wave of assembly, followed by disassembly. Such a biphasic
effect was detected for all the junctional proteins that were
analyzed, namely: cadherins, plakoglobin, vinculin and actin
(Fig. 5a-d, respectively). The kinetics of the effect on the
various junctional proteins were, however, quite different. All
the cytoplasmic molecules tested (actin, vinculin, plakoglobin)
showed a rapid increase in their association with AJ reaching
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Fig. 7. Immunofluorescence labeling of
EGF-stimulated, serum-starved BAE cells
for cadherins (a,d,g,j), vinculin (b,e,h,k) and
actin (c,f,i,l). Stimulation time with EGF
was: 0 minutes (a,b,c); 20 minutes (d,e,f); 90
minutes (g,h,i) and 150 minutes (j,k,l). Bar,
10 µm.

a peak at 20 minutes (essentially coinciding with the peak of
phosphorylation). Cadherins, on the other hand, exhibited a
significantly slower junctional localization. The rate of
decrease in the organization of the various junctional proteins
following longer incubation (20-90 minutes) was also variable,
with vinculin reaching rapidly the same level of labeling as
untreated cells, plakoglobulin exhibiting a more moderate
decline and cadherins peaking at 40 minutes and then gradually
declining. The decrease in actin association with cell-cell
junctions was also moderate and occurred concomitantly with
the increase in stress fiber abundance. There was also an
apparent transition in the organization of vinculin from the
primary association with cell-cell junctions (at 20 minutes) to
focal contacts (Figs 5c and 6).
Effects of EGF on the integrity and molecular
organization of intercellular adherens junctions
The distribution of actin, vinculin and cadherins in serum-

starved BAE cells was largely similar to that found in cells
growing in serum-containing medium, except that the number
and size of stress fibers and focal adhesions was apparently
reduced (not shown). Exposure of serum-starved cells to EGF
induced, within 20 minutes, a 2- to 4-fold increase in the junctional levels of actin and vinculin. The increase in cadherin
levels was significantly slower, reaching maximal values at
about 90 minutes (Fig. 7 and quantitative analyses in Fig. 8).
Upon longer incubation, for up to 6.5 hours, cyclic changes
were observed in the intensity of junction-associated fluorescence. These changes were particularly prominent in
vinculin and cadherins, while the levels of junctional actin
increased nearly linearly with only limited fluctuations (Figs 7
and 8). As can be appreciated from Fig. 7, concomitantly with
the changes in the local intensities of junction associated actin
and vinculin, there was a dramatic increase in the size and
number of stress fibers and focal adhesions, respectively
(compare Fig. 7c,f,i,l and b,e,h,k).
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Fig. 8. Changes in the junctional intensities of actin, vinculin and
cadherins in starved BAE cells, stimulated with EGF. Fluorescence
intensity was measured at intercellular junctions, as described in
Materials and Methods. Vertical bars indicate the peak tyrosine
phosphorylation.

DISCUSSION
The primary objective of this study was to characterize, at the
molecular and cellular levels, the cross talk which exists
between the structural elements of cell junctions and the transmembrane signal transduction machinery. Several lines of
evidence point to close structural and functional relationships
between the two systems. It has been demonstrated recently
that many signaling enzymes and adaptor proteins are transient
or permanent residents of cell-cell or cell-matrix adhesions
(Geiger et al., 1995; Miyamoto et al., 1995). Moreover, it has
been shown that adhesion to appropriate surfaces triggers
specific tyrosine phosphorylation events (Burridge et al., 1992;
Romer et al., 1992) and that modulation of such phosphorylations may affect the organization and cytoskeletal interactions
of the corresponding adhesion sites (Schaller et al., 1994;
Volberg et al., 1991).
In the present study we have investigated the dynamic effect
of the induction of tyrosine phosphorylation, induced by
different stimulants, including vanadate or EGF, on the organization of endothelial junctions and their association with the
cytoskeleton. These cells were selected for this study,
primarily, since intercellular adhesion plays a central role in
their in vivo functions (Lampugnani et al., 1995; Lum and
Malik, 1994) and due to the known effects of environmental
factors on their adhesive behavior (Hennig et al., 1994;
Schwartz and Liaw, 1993).
In our previous studies we have presented mainly qualitative
data showing that elevated levels of tyrosine phosphorylation

largely lead to deterioration of adherens type junctions
(Michalides et al., 1994; Volberg et al., 1991, 1992). Here, we
have employed a quantitative and dynamic analysis of the
levels of tyrosine phosphorylation, following specific (EGF) or
non-specific (pervanadate) stimulation. An essential element,
in the present study, was the extensive use of a digital light
microscope system, which enabled us to accurately measure
relatively small changes in the local levels of immunofluorescence.
The results presented here indicate that stimulation of BAE
via both routes triggers a rapid and transient ‘wave’ of junction
phosphorylation which is apparent as soon as 3 minutes and
reaches maximal values at 20 minutes after initiation of
treatment. These findings strongly suggest that in adherens
junctions there is a constitutive and highly dynamic process of
tyrosine phosphorylation and de-phosphorylation. Thus, perturbation by blocking the latter or stimulating the former leads
to a dramatic increase in the levels of junctional P-Tyr. It
further indicates that EGF stimulation directly affects junction
phosphorylation. This is in line with previous reports showing
direct molecular interaction between EGFR and β-catenin, and
the demonstration that several receptor tyrosine kinases are
localized in AJ (Geiger et al., 1992; Shibamoto et al., 1995).
In general, association of kinases with cell adhesions was
reported over the last several years, both for cell-ECM
adhesions (Bergman et al., 1995; Chrzanowska and Burridge
1994; Hall et al., 1994; Hildebrand et al., 1993; Kinashi et al.,
1995; Seufferlein and Rozengurt, 1994) and cell-cell junctions
(Hoschuetzky et al., 1994; Shiozaki et al., 1995). Recent
reports also indicated that a number of RPTPs are also
localized in cell adhesion (Barnea et al., 1994; Milev et al.,
1995; Peles et al., 1995; Serra-Pages et al., 1995).
Another interesting observation is the apparent discrepancy
between the levels of junction phosphorylation and the kinetics
of phosphorylation and structural changes induced by the
treatment (see below). Thus, pervanadate induced a nearly 40fold increase in junctional P-Tyr labeling, compared to EGF,
yet maximal values of phosphorylation were reached at the
same time (about 20 minutes) in both cases, after which junctional phosphorylation and organization declined. This finding
suggests that the kinetics of phosphorylation or the balance
between phosphorylation and dephosphorylation is intrinsically and dynamically controlled in AJ, irrespective of the
levels of P-Tyr or the mode of stimulation.
Beyond the results presented here on pervanadate and EGF
effects, we have recently demonstrated (Bershadsky et al.,
1996) that nocodazole treatment of serum-starved 3T3 cells
triggers a related set of cellular responses. These include cell
contractility, tyrosine phosphorylation of focal contacts and a
dramatic enhancement of focal contact and stress fiber
assembly. It was shown that this treatment triggered specific
phosphorylation of focal adhesion kinase and paxillin, reaching
maximal levels of phosphorylation at about 30 minutes of
treatment.
It is noteworthy that the sharp decline in junctional P-tyr in
pervanadate and EGF-treated cells did not reflect an overall
decline in P-tyr levels in the treated cells. As previously shown
(Volberg et al., 1991) the total cellular levels of tyrosine
phoshorylation increased upon prolonged incubation of the
cells up to several hours, though the level of junctional P-tyr
declined upon long (>30 minutes) incubation. The mechanism
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responsible for this down-regulation appears to be the deterioration of the entire junctional system and the associated microfilament network.
As pointed out, the structural re-arrangement of AJ
occurred at approximately the same time frame as the tyrosine
phosphorylation. This was manifested by increased levels of
vinculin, plakoglobin, cadherin and actin labeling, which
reached maximal values at 20-40 minutes. The local increase
in these components occurred, however, at slightly but significantly different rates. Vinculin, and plakoglobin showed a
more rapid increase in their association with AJ following pervanadate or EGF. The levels of junctional actin increased
nearly linearly and cadherin displayed a significantly slower
junctional localization. This finding suggests that local
tyrosine phosphorylation triggers the assembly of the submembrane junctional plaque which, in turn, enhances the
development of actin bundles and the subsequent recruitment
of cadherins.
The molecular relationships between the early ‘constructive’
events and the later disassembly of the junctions are not clear
at this stage. It is, nevertheless, conceivable that the phosphorylation-dependent assembly of AJ leads also to the accumulation and, possibly, activation of signal transduction autoregulatory cascades which trigger a chain of events that eventually
lead to the breakdown of the same junctions. In the continuous
presence of the external stimulus (EGF, in the present study)
new cycles of tyrosine phosphorylation and junction assembly,
followed by disassembly were noted with a peak-to-peak
interval of about 1.5 hours. This notion is in line with other
reports indicating that EGF stimulation can trigger cyclic
cellular responses (Huang et al., 1995; Tanaka et al., 1994).
During these cycles, overall changes were noted in cell
structure and, particularly in the organization of focal
adhesions which contain a variety of kinases (Hall et al., 1994;
Seufferlein and Rozengurt, 1994; Turner and Miller, 1994) and
whose structure is usually reciprocally related to that of cellcell AJ (Volberg et al., 1992).
In conclusion, the data presented here shed light on the
cross-talk between cell adhesions and the transmembrane
signaling machinery. Cell stimulation can alter junction
assembly and, reciprocally, adhesive interactions may affect, in
a major way, the activation of signaling cascades and generation of long term and long range signals.
We thank Dr Z. Kam for guidance with digital microscopy and for
illuminating discussions. This study was supported by the Minna
James Heineman Foundation and the Israeli-German (NCRD-BMFT)
collaboration program. B.G. is the E. Netter Professor for Cell and
Tumor Biology. This paper was written while B.G. was a Scholar-inResidence at the Fogarty International Center for Advanced Study in
the Health Sciences, NIH, Bethesda, MD, USA.
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