Journal of Cell Science 111, 347-357 (1998)
Printed in Great Britain © The Company of Biologists Limited 1998
JCS7163

347

Long-range and selective autoregulation of cell-cell or cell-matrix adhesions

by cadherin or integrin ligands

Shulamit Levenberg 1, Ben-Zion Katz 2, Kenneth M. Yamada 2 and Benjamin Geiger 1

1Department of Molecular Cell Biology, The Weizmann Institute of Science, Rehovot 76100, Israel
2Craniofacial Developmental Biology and Regeneration Branch, National Institute of Dental Research, National Institutes of

Health, Bethesda, MD 20892-4370, USA

Accepted 11 November 1997: published on WWW 15 January 1998

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

conjugated beads, on the other hand, significantly
enhanced vinculin labeling at focal contacts and suppressed
cadherin and B-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 integrin-
mediated surface interactions can trigger positively
cooperative long-range signaling events which lead to the

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 junction-
associated cadherin and3-catenin labeling and a modest
increase in junctional vinculin labeling, compared to
untreated cells or cells bound to ConA-beads. FN-

selective assembly of cell-cell or cell-matrix adhesions, and
that these signals involve tyrosine phosphorylation.

Key words: Adhesion-mediated signaling, Cadherin, Cell adhesion,
Integrin, Tyrosine phosphorylation

INTRODUCTION Miyamoto, 1995). ECM adhesion occurs via specific surface
receptors such as different members of the integrin family,
Cell adhesion to external surfaces such as the extracellulahich are attached at their cytoplasmic aspects to
matrix (ECM) or the membrane of neighboring cells hasubmembrane anchor proteins (i.e. vinculin, paxillin, talin and
pleiotropic effects on cell morphogenesis, moatility, regulationa-actinin) which in turn link them to the actin cytoskeleton
of growth and differentiation, wound healing and malignan{Hynes, 1992; Garratt and Humphries, 1995). Similar
transformation (Folkman and Moscona, 1978; Vasiliev andtructures mediating cell-cell interactions contain adhesion
Gelfand, 1981; Geiger et al., 1987, 1990; Burridge et al., 1988nolecules of the cadherin family (Takeichi, 1990; Geiger and
Gumbiner, 1996). Some of these effects can be directhfyalon, 1992), as well as a submembrane plaque, which
attributed to the physical interaction between individual cellsgonsists of anchor proteins such as catenins, vinculiroand
leading to the formation of multicellular tissues and organsactinin that link actin filaments to the junction (Critchley, 1993;
while others involve the transduction of adhesion-mediate&eiger, 1993a,b; Kemler, 1993).
signals that have long-range effects on cell behavior and fate Recent studies indicate that in addition to the proteins that
(Meredith et al., 1993; Doherty and Walsh, 1994; Williams eparticipate directly in the transmembrane linkage between the
al., 1994; Garratt and Humphries, 1995). external surface and the cytoskeleton, there are many
Over the past several years, much information hasnzymes known to be involved in transmembrane signaling,
accumulated on the molecular basis for cell adhesion, sheddimdgnich are associated with cell-cell junctions, matrix
light both on the adhesive interactions per se, which includadhesions or both (Geiger et al., 1995; Miyamoto et al.,
binding specificity and association with the cytoskeletorl995b). It was further postulated that the adhesion-triggered
(Geiger et al., 1995), and on the mechanisms of adhesionlustering and/or activation of these enzymes could have local
related signaling (Juliano and Haskill, 1993; Yamada anéffects on junction assembly, as well as long-range effects on
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cell activity (Volberg et al., 1992; Behrens et al., 1993;CHO-Ncad clones available we have used here a line (FL4) expressing
Michalides et al., 1994). relatively high levels of N-cadherin (Geiger et al., 1992). The cells

Cell adhesion (mainly to the ECM) has been shown tavere maintained in Dulbecco’s modified Eagle medium (DMEM)
involve several interdependent temporal steps, starting with ti@ntaining 10% fetal calf serum (Bio-Labs, Israel). Cells were
establishment of initial cell-substrate contacts, extension dftured at 37°C in a humidified incubator under an atmosphere of
these adhesions and finally formation of focal adhesions a g C@ and 95% air.
spreading on the matrix (Grinnell, 1978; Grinnell and Haysproduction and purification of N-cadherin ectodomain
1978; Duval et al., 1988). (NEC)

The development of early adhesions into mature focato cluster N-cadherin, we have used a bacterially expressed
contacts is still poorly understood at the molecular levelpolypeptide corresponding to nearly the entire ectodomain of chicken
though it appears that the process is driven by highly-cadherin (NEC). The cDNA encoding the ectodomain of chicken
cooperative interactions. This cooperativity is promoted byN-cadherin (from GAC 166 to GAC 1,720; GenBank accession
clusters of surface receptors which interact with externdlumber X07277) was generated by the polymerase chain reaction
ligands, as well as by the retention or recruitment of suckPCR) using full-length chicken N-cadherin cDNA as a template and
adhesion molecules by components of the submembrafjeserted into the pET3d vector. The oligonucleotide primers contained

laque and the associated cytoskeleton (Miyamoto et af’i 5 Ncd restriction site and a' BanHl| restriction site, to facilitate
EQ&?Sa) Y y ¢loning into the bacterial vector.

. . .. The sequences of the two oligonucleotides were as follows: N-
Recent studies indicate that the assembly of adhesion sit@$minal primer: 5TCTATACCATGGACTGGGTTATCCCT-3 C-
may also be controlled by post-translational modification oferminal primer: 5TCTAGCGGATCCTAGTCAACATCAGTACA-
their various components. Both cell-cell adherens junctiong'. To produce the cadherin ectodomain, competent BL21 cells were
and focal contacts were shown to host a wide variety of protetransformed with the pET3d construct, and the expression of NEC was
kinases (Rohrschnieder, 1980; Geiger et al., 1992; Dong et ahguced with IPTG using the T7 polymerase-inducible pET system
1993; Barry and Critchley, 1994; Schaller and Parsons, 19945tudier et al., 1990). The inclusion bodies were isolated and the
Van Etten et al., 1994) and to be primary targets for tyrosing?otein extracted using GuHCI followed by renaturation in
specific protein phosphorylation (Behrens et al., 19933TE/9'gta.th'((’j”fe solution (?“?T}”er et "’l"" 1|992)' The typ|2(:al yield of
Hamaguchi et al., 1993; Lo et al, 1994: Turer, 1994)\EC obtained from 500 miof bacterial cultures was 10-20 mg.
Moreover, it was established that these modifications have @eparation and application of cadherin- and integrin-
profound effect on the assembly and stability of the adhesiomactive beads
sites. A certain basal IeVel Of phOSphorylatlon was found to bﬁ0|ybead amino microspheres (mean d|ametﬂm6 P0|ysciences’
essential for cell adhesion (Volberg et al., 1992; Tsukita et alinc.), were coated with either NEC polypeptide, purified monoclonal
1991), while over-phosphorylation resulted in deterioration ofinti-N-cadherin (BE) antibodies (Volk and Geiger, 1986), human
adhesion sites and cell detachment (Volberg et al., 199pjasma fibronectin purified as described by Miekka et al. (1982) or
Matsuyoshi et al., 1992; Hamaguchi et al., 1993). ConA (Worthington Biochemical, USA), by washing®leads with
of adhesive interactions mediated through cadherins cﬂe?t'? T"’\‘I'Eg "I‘:’f\‘fh(':”g "B’\"'th PBt% fg”o;"’eds k?]y '”C“'_'}?]“OB Wgh 500
; : : : e g/ml o , FN, ConA or antibody for 5 hours. The beads were
E\tegr!ns %nttZeNa}th?V? F)tehavflorto(l; celllls. S.&ec'f'gﬁ"yf Yv en incubated with 0.5 M ethanolamine in PBS for 30 minutes
have incubate cadnerin-ransiected cells with cadnerin- g,y e by incubation with 10 mg/ml BSA for 30 minutes and
integrin-reactive beads, and have determined the effect of thiss,spended in a storage buffer containing 10 mg/ml BSA, 0.1%
treatment on intercellular or cell-ECM adhesion. We show herRan; and 5% glycerol in PBS, pH 7.4.
that cadherin-reactive beads can induce a major increase in _
cadherin, B-catenin and phosphotyrosine levels at adherengnmunochemical reagents and procedures
junctions. Fibronectin-coated beads, on the other handells grown on glass coverslips were fixed/permeabilized in a solution
increased phosphotyrosine and vinculin levels in focal contacg®ntaining 0.5% Triton X-100 and 3% paraformaldehyde in PBS for 3
rather than in cell-cell contacts. Both effects appeared t@'ﬁﬁé%sy Ft’ﬁsiﬁgeir‘_’;'tg g;/{?bgfa‘rggor;"h‘ﬂdae:t)’ggdg Zsoedmlurr]u#?ss s";‘”g
depend on tyrosine phosphorylation and could be blocked bgzlluded\{véan ca(\jlhelrirl: antiblod I€s. Ibodies used In this study
e . . . : - y CH19 and anti-human vinculin (Sigma
gemSte.m' It. thus_ appears that surface interactions \.Nlt hemical Co.); anti-P-Tyr 4G10 (UBI, Lake Placid, NY, USA); and
cadherin or '.”tegF'“ can trlgger_long-range phos‘phmyros'n%nti-[}-catenin (94.5), a gift from Dr M. Wheelock (Dept of Biology,
dependent signaling events which selectively affect cell-celljnjyersity of Toledo). The secondary antibody was rhodamine-labeled
and cell matrix adhesions. This selective autoregulatoryoat anti-mouse IgG (Jackson Laboratories). The cells were indirectly
process provides a feedback mechanism to reinforcghnmunolabelled and mounted in Elvanol (Mowiol 4-88, Hoechst,
selectively one of these two forms of adhesion in each cell. Frankfurt, Germany) on glass slides and examined using either a
conventional fluorescence microscope (Zeiss Axiophot, Oberkochen,
Germany) or a digital fluorescence microscope (see below).

MATERIALS AND METHODS Digital immunofluorescence microscopy
The computerized microscopic system used here was based on the
Cells design of Agard and Sedat (Agard et al., 1988, 1889)sisting of a

Chinese hamster ovary (CHO) cells were obtained from the Americafieiss Axioscope and Micro VAX Il workstation which controls image
Type Culture Collection (Rockville MD, USA). These cells were acquisition, light shutters, filter wheels and focus. Images were
transfected with cDNA encoding chicken N-cadherin (kindly recorded with a cooled, scientific-grade, charge-coupled device (CCD)
provided by M. Takeichi, Kyoto University) and subcloned into thecamera (Photometrics, Tucson, AZ, USA). Images were recorded into
pPECE eukaryotic expression vector (Ellis et al., 1986). Of the variouan array processor (Mercury Computer Systems, Lowel, MA, USA)
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which calculated on-the-fly pixel-per-pixel correction for illumination cells were exposed to the external domain of N-cadherin (NEC).
and CCD sensitivity, and scaled and deconvoluted images, essentiafyr that purpose, NEC was over-expressed in bacteria, purified
in real-time (Chen et al., 1990; Hiraoka et al., 1990). from inclusion bodies and renatured (Fig. 1A). The purified 66
_ For pseudo-color quantitative representation of fluorescencgpba polypeptide, which reacted with monoclonal antibodies
intensities, we randomly selected (using phase contrast) MICroSCORie - ific for the extracellular domain of N-cadherin (Fig. 1B)
fields with bead-associated cells and measured the image intensiti as covalently linked to m Polybead microspheres. Similarly, '

Background fluorescence was routinely subtracted from the > ! : . )
experimental values. Sets of images (all obtained from the sal ti-N-cadherin monoclonal antibodies (BE) covalently linked

experiment) were displayed using the same color scale (mostly lineaff) the beads were also used to stimulate cadherin receptors. In
and the exact locations of the beads (based on the phase contr@dglition, fibronectin (FN) or ConA covalently linked to thent
image) were marked. Images were photographed on Ektachrome 18Ucrosphere beads were used to stimulate integrin receptors or
film using a Focus 4700 Imagerecorder (Focus Graphics, Foster Cityy mediate non-specific binding, respectively.
CA). The specificity of binding of NEC and BE ligands to
Calculation of fluorescence intensities cadherin receptors was determined by comparing CHO cells
R _ o _(which express very low levels of cadherins) and N-cadherin
for associated molecules, 6. cadhefiatonin and vinculin) were. ¢anstected CHO (CHO-Ncad) cells (Geiger et al., 1992). As
manually marked by polygons enclosing the entire relevant area, al own in Fig. 2A, the binding of the Ctherln—reaptlve beads
the net intensity of labeling (minus background) in them wa EC, BE) to CHO-Ncad cells was considerably higher (3- to
determined. The average intensity values of the enclosed pixefsfold) thanto CHO cells. Moreover, when FN and ConA were
displaying signal above the threshold level were then calculated.
The effect of cadherin- and integrin-reactive beads on cel
adhesions, using different combinations of cells and beads, w:
examined in 12 independent experiments. Full quantitation (name
addition of the four types of beads and labeling for the four antigen:
was repeated 3 times, and measurement of effects on cadherin ¢
catenin levels was performed in two additional experiments
Variations between experiments were typically lower than 20%. Ir
each experiment data were collected from 15-20 microscopic imagt 98
containing a total number of about 50 marked cell-cell adhesions ar
250 marked focal contacts, all in selected cells containing boun 64
beads. To compare the results obtained following treatment wit
cadherin- and integrin-reactive beads to those found in control cel 50
(associated with ConA-beads), Studenttest was performed, and
significance values were calculated for each pair.

A

kDa M - + NEC

250

Scanning electron microscopy 36
Cells were cultured on glass coverslips for 24 hours, and then bea

were added for 30 minutes or 4 hours. The cells were fixed for 1 hol

with Karnovsky'’s fixative (3% paraformaldehyde, 2% glutaraldehyde

5 mM CaCtin 0.1 M cacodylate buffer, pH. 7.4, containing 0.1 M B
sucrose), rinsed and postfixed for 1 hour with 1% osmium tetroxid

in 0.1 M cacodylate buffer followed by incubation with 1% tannic kDa CN NEC
acid in water and than with 1% uranyl acetate in water. The slide

were rinsed, dehydrated with a graded ethanol series, critically poil 250 —
dried (Pelco CPD2) and sputter coated with gold (S150 Edward:

USA). The specimens were examined at an accelerating voltage —
20-25 kV using a JEOL GMC 6400 scanning electron microscope. 08

Transmission electron microscopy

Cells were seeded in 35 mm Falcon dishes, for 24 hours and th 64
beads were added for 4 hours. The cells were fixed in Karnovsky
fixative, postfixed with 1% osmium tetroxide, 0.5% potassium
dichromate and 0.5% potassium hexacyanoferrate in 0.1 M cacodyla.c
buffer. The cells were stained en bloc with 2% aqueous uranyl acetafeig. 1.Bacterial expression and purification of N-cadherin
followed by ethanol dehydration. The dishes were embedded in Epaxtracellular domain (NEC). cDNA encoding the chicken N-cadherin
812 (Tuosimis, MD, USA). Sections were cut using diamond knifeextracellular domain was cloned into the pET3d plasmid and
(Diatome, Biel, Switzerland) and examined using a Philips CM-12Zxpressed in BL21 cells following IPTG induction. (A) Coomassie
transmission electron microscope at an accelerating voltage of 100 kiMue-stained polyacrylamide gel, showing protein extracts from
transformed BL21 bacteria, with (+) or withow) (PTG induction
as well as the purified NEC. M, molecular mass markers.
RESULTS (B) Western blot analysis of protein extract from CHO-Ncad cells
expressing full length chicken N-cadherin cDNA (CN), and N-
. - . cadherin extracellular domain (NEC) after purification from
Production of specific ligands to cadherin and inclusion bodies. Immunodetection used monoclonal antibody ID-
Integrin receptors 7.2.3 reactive with the extracellular domain of chicken N-cadherin
In order to modulate specific binding to the cadherin receptofyolk and Geiger, 1986).
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A o- — 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
61 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
i 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
B 100+ 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
80 apparently internalized beads were not fully enclosed in an
endocytic or phagocytic vesicle but were located instead in
deep, unsealed membrane folds (Fig!)3Ehis notion was
601 further corroborated by fluorescence labeling of non-
permeabilized cells that were previously incubated for several
(2-4) hours with anti-N-cadherin (BE)-coated beads with

No. of beads bound to CHO-Ncad
No. of beads bound to CHO

CONA BE NEC FN

% inhibition

1 fluorescent goat anti-mouse 1gG. Fluorescence microscopic
examination of these specimens indicated that most of the
204 beads were accessible to the antibody even after 4 hours of
ﬁ incubation (data not shown).
0 , i~ , , , Long-range changes in cell-cell junctional proteins
CONA BE BeadsNEC PN induced by cadherin receptor stimulation

The intensity of immunolabeling for cadherin at cell-cell

Fig. 2. Specificity and C& requirement of bead binding to CHO- junCtior.]S dramatica_lly inqrease.d fo'.IOWing 20 minutes of
Ncad cells. (A) Four types of beads (coated with Concanavalin A cadherin receptor stimulation using either NEC- or BE-coated

(CONA), with monoclonal anti-N-cadherin antibodies (BE), with N- beads (Fig. 4). This increase in cadherin levels (in cells
cadherin extracellular domain (NEC) and with fibronectin (FN)) associated with the cadherin reactive beads) occurred at cell-
were added for 15 minutes to CHO cells or CHO-Ncad cells 24 cell junctions irrespective of their proximity to the site of
hours after plating. The cells were washed, fixed, and stained with cadherin receptor stimulation (i.e. the bead binding site).
DAPI and the number of beads bound to the cells was counted. Theinterestingly, enhanced levels of cadherin staining (usually 1.5-
ratio between number of beads bound to CHO-Ncad and CHO is  tg 2-fold higher than the levels measured in control cells) were
shown. (B) The various beads were added to CHO-Ncad cells for 1%5mmonly detected in cells neighboring those associated with
1o the sells was counted and results expressed as the percentage ofadherin-reactive beads (Fig. Hocasionally, cadherin was
total binding inhibitable by EGTA also detected at the bead-cell interface, but at lower levels than
g inhibitable by . . . .

those detected at cell-cell junctions, and the labeling was often

heterogeneous, reflecting the variable modes of cell-bead
similarly analyzed, they showed no binding preferences towardteraction apparent from the electron microscopic data in Fig.
CHO or CHO-Ncad cells, as expected (Fig. 2A). 3 (see Discussion). It is noteworthy that soluble NEC or anti-

The interaction of NEC and BE with the cell surface wasadherin antibodies did not induce a similar enhancement of

found to be highly calcium dependent, in contrast to thedherens junctions (not shown), while NEC immobilized on
interaction of FN and ConA (Fig. 2B). This finding is the flat tissue culture substratum induced a generalized increase
consistent with the known calcium-dependence of cadherinn cadherin localization at cell-cell junctions (unpublished
mediated interactions (Geiger and Ayalon, 1993) and furthettata). In contrast, integrin receptor stimulation, using FN-
suggests that the monoclonal antibody used here reacts witlt@ated beads, did not induce an increase in cadherin levels at

calcium-dependent epitope of N-cadherin. cell junctions and even a slight reduction was observed (Fig. 4
o . _ ‘FN’ and Fig. 8). In addition, ConA beads had no apparent

Characterization of the interaction between CHO- effect on cadherin levels in cell-cell junctions as expected (Fig.

Ncad cells and the cadherin- and fibronectin-coated 4 ‘ConA).

beads To evaluate the extent of enhancement of cadherin labeling

The binding of the various bead-conjugated ligands to the cedit 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 e
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'Eshows 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 ConA-
coated beads were firmly but only
superficially associated with the cell
surface. Bars, im (A-D and E-H are at
the same magnification).

either NEC- or anti-N-cadherin (BE)-coated beads, wdsee Materials and Methods). As shown in Fig. 8A, both types
guantitated the local immunofluorescence intensitie®f cadherin-reactive beads induced a highly significant (3- to
associated with these sites using a digital microscopic systenfold) increase in the intensity of labeling of junctional



352 S. Levenberg and others

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-N-
cadherin antibodies (BE),
fibronectin (FN) and ConA

(CONA). Following 20 minutes of
incubation at 37°C, the cells were
fixed and stained with anti-N-
cadherin 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
[-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-bead?<(.001). In contrast In order to determine whether the high levels of junctional
integrin-receptor stimulation reduced cadherin at cell junctionsadherin described above were induced by the associated
by 1.5-fold P<0.02). 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

distribution and level of

Cells were seeded on glass .
indicated were added to the cells as
described for Fig. 4 above.

integrin-reactive beads on the
phosphotyrosine in CHO-Ncad cells
coverslips; 24 hours later, beads

coated with the various ligands

to cells that had intrinsically high cadherin levels, we comparetandomly selected and about 100 adhesion sites marked and
the frequency of cells with high cadherin labeling in NEC-beadnalyzed. The selection of fields was performed irrespective of
treated and control cultures. For each culture, 15-20 fields wetlke presence or absence of beads. In the non-treated cells
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A cadherin (BE)-coated beads (Figs 5 and 8). This increase was
found to be highly significan&0.001). Some increase A
catenin levels was also observed in neighboring cells. Similarly
to cadherinf3-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 cadherin-
and 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 stimulationP€0.05), accompanied by a
modest, yet highly significanP€0.001), reduction in vinculin

NEC staining at focal contacts when compared to incubation of cells
with ConA-coated beads. Integrin receptor stimulation, on the
CONA 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
34 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 significanP€0.001). On the other hand,

Fig. 8. Quantitative analysis of the effect of cadherin- and integrin- specific stimulation of integrin Ifeceptor by fibronectin-coated
reactive beads (NEC and BE, see legend to Fig. 4), as well as ConﬁQeadS en_hanced phosphqtyrosmg Ievc?ls |’n focal_contac‘:ts (1.5-
coupled beads, on the levels of cadherin (CAE=)atenin (CAT), tq 2'fc_)|d_ |ncrease|?<0.001, see Fig. 7 'FN’ and Fig. 8A PY
vinculin (VIN CC) and phosphotyrosine (PY CC) in cell-cell F’). Similar effects were induced by beads coated with RGD
contacts, as well as vinculin and phosphotyrosine in focal contacts Peptides (data not shown).

(VIN F and PY F, respectively). The experiment was conducted in To determine whether the changes in the organization of
the presence (B) or absence (A) of 1@@ml of the broad-spectrum  cadherin3-catenin and vinculin induced by the various beads
tyrosine kinase inhibitor genistein. The bars represent the change irdepend on tyrosine phosphorylation, the broad-spectrum
immunofluorescence intensity relative to the labeling for the same tyrosine kinase inhibitor genistein (19@/ml) was added to
component in cells treated with ConA-coupled beads. Note that  the cyltures together with the beads. This treatment essentially
genistein effectively abolished the changes in cadherin, catenin andy,jished the effects of the different beads on the distribution
phosphotyrosine intensities induced by each of the various beads. of the three junctional proteins (Fig. 8B).

Taken together, cadherin receptor stimulation using NEC- or
culture a rather narrow distribution of junctional labelingBE-coated beads caused a major increase in cadherifi-and
intensity was obtained, with a maximum of 5% of the cellcatenin at cell-cell junctions. Vinculin and phosphotyrosine
exhibiting intensity levels comparable to those commonlystaining in these sites also increased, while their levels at focal
found in cells attached to the cadherin-reactive-beads. ltontact sites were significantly reduced (Fig. 8A). Integrin
cultures incubated with NEC-beads, on the other hand, oveeceptor stimulation, on the other hand, reduced cadherin and
30% of the total cell population exhibited elevated cadherifs-catenin at cell-cell junctions, and significantly increased
levels, and these cells were essentially all attached to the beadsiculin  and phosphotyrosine in focal contacts. This
In typical experiments, 30-50% of the cells were associategtorganization appeared to depend on tyrosine phosphorylation
with the beads.

In addition to the increase in junctional cadherin levels, a
similar enhancement (2.5- to 3.5-fold) of the submembran®BISCUSSION
adherens junctional proteify;catenin, was observed following
cadherin receptor stimulation by either NEC- or anti-N-In this study, we have identified a novel set of mutually

fluorescence (fold increase)

VINF PY

VIN CC

HEOEN
n
z

Fluorescence (fold increase)

CAT VINCC VINF PYCC PYF
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exclusive and reciprocally regulated changes in the structuderegulated growth (Behrens et al., 1989; Shimayoma et al.,
and molecular organization of cellular adhesion sites, whicth992; Van Roy and Mareel, 1992; Tsukita et al., 1993; Becker
are triggered by cadherin- or integrin-mediated interactionset al., 1994; Watabe at al., 1994).
These apparent autoregulatory events involve transmembraneThese many types of signaling events triggered by cell
signaling systems. One system selectively enhances tlaghesion can modulate a variety of general cellular processes.
assembly of cell-cell adherens junctions following stimulationThe mutually exclusive autoregulation of adherens junctions or
via the cadherins, and is accompanied by a reduction in cefiecal contacts described in this study appears to be a novel
substrate focal adhesions. The other system reciprocalghenomenon. Despite the fact that both integrin- and cadherin-
enhances the assembly of focal adhesions while reducingediated effects involve tyrosine phosphorylation, the targets
adherens junctions. for the two processes are distinctly different. One speculation
In other words, interactions mediated through each majas that the integrin-reactive beads activate the integrin
adhesion system, cadherin or integrin, specifically andytoskeletal and signaling pathway (Curtis et al., 1992;
selectively enhance the formation of only the same type dchlaepfer etal., 1994; Miyamoto et al., 1995b) in treated cells,
adhesive structure. Each process involves long-range aruohd that a soluble ‘second messenger’ produced following this
apparently positively cooperative effects, since contact at stimulation is targeted to focal adhesions, upregulating local
single point on the cell surface triggers enhancement of thgrosine phosphorylation and thus inducing increased assembly
homologous adhesive structure throughout the cell. In additionf these structures. The nature of the cadherin-mediated signal
we provide evidence for roles of site-selective tyrosine-specifimvolved in the stimulation of adherens junction assembly is
protein phosphorylation in each of these processes. presently unclear, since so little is known about cadherin-
Adhesive interactions characteristically involve forms ofmediated signaling.
molecular synergism that reflect the complex nature of cell Another noteworthy observation is the reciprocity between
contact. On the exterior of the cell, local aggregation othe level of organization of cell-cell and cell-matrix contacts.
adhesion receptors synergizes with occupancy by ligand fbhese inter-relationships could be interpreted as reflecting
mediate accumulations of certain cytoskeletal moleculesompetition for molecular ‘building blocks’ shared by the two
(Miyamoto et al., 1995a). Conversely, such adhesion receptotgpes of adhesion. Thus, stimulation of junction assembly by
appear to be stabilized further or even recruited to primordialadherin beads might cause a shortage of components such as
adhesions by a submembrane mesh of plaque proteins (Geigémnculin, leading to deterioration of focal contacts, and vice
et al., 1990; Geiger, 1993a; Yamada and Geiger, 1997). ®ersa. The other alternative, however, is that the signals
complex hierarchy of cytoskeletal and signaling moleculeinduced by each adhesion system have, in fact, direct inhibitory
accumulate in local transmembrane complexes near the siteasdtivity on the heterologous system. To distinguish between
contact with an integrin ligand such as fibronectin (e.g. sethese two possibilities, we have examined whether NEC-coated
Miyamoto et al., 1995b). beads affect focal contacts in individual cells. In a series of
The autoregulatory mechanism described here ipreliminary experiments we did not observe a significant
conceptually different, because it involves long-range (rathereduction in focal contacts, suggesting that the primary effect
than local) induction of junction assembly. In the following,is the augmentation of cell-cell junctions and that the effect on
we would like to discuss the capacity of cell adhesion to botfocal contacts is secondary.
induce such signals and to respond to them. The concept thatAn interesting and intriguing observation was the low and
adhesion to different surfaces can activate specific signalinigconsistent level of cadherin labeling at the cell-bead
cascades is based on several lines of evidence. Interactions witkerface, compared to the higher cadherin levels detected at
the extracellular matrix are known to be essential for normahe junctions of the same cells. While the basis for such
cell growth (Stoker et al., 1968; Folkman and Moscona, 1978]ifferences is still not clear, it may reflect the capacity of the
and often for blocking apoptosis (Meredith et al, 1993; Friscimative junctions to grow by recruiting additional cadherin
and Francis, 1994; Re et al., 1994; Boudreau at al., 1995),naolecules to sites of adhesion between neighboring cells, in
phenomenon referred to as ‘anchorage dependence’. contrast with the more limited capacity of cadherin molecules
It has further been demonstrated that modulation ofo pack into the cell-bead contact area. The enhanced
signaling processes, such as inhibition or stimulation ofccumulation of cadherin molecules at sites of contact with the
tyrosine phosphorylation or changes in the levels or activity oidjacent cell might trigger a propagated signal in that second
small G-proteins of the Rho family has a profound effect ortell as well. In line with this view, one might expect to observe
the structure, dynamics and stability of cell adhesions (Ridlegome augmentation of junction formation in beads-free cells
and Hall, 1992; Volberg et al., 1992; Hamaguchi et al., 1993yhich are directly neighboring bead-associated cells. As
Tokman, 1997). Moreover, it has been shown that adhesion sthown in Figs 6 and 7, this indeed was the case. This ‘neighbor’
specific surfaces can induce tyrosine phosphorylation in cellsffect raises another interesting question: why are the bead-
(Burridge et al., 1992; Kornberg et al.,, 1992) and that botlassociated cadherin ligands so effective in inducing junction
adherens junctions and focal contacts are major tyrosinessembly, compared to neighboring cells which carry on their
phosphorylation sites in cells (Kinch et al., 1997). In additionsurface the same cadherin? While we have no direct
at least two distinct types of MAP kinase activation, calciumexplanation for this difference, it appears possible that a certain
influx, and pH changes are triggered by integrin-mediated cethinimal surface density of cadherins is essential for initiating
interactions with extracellular matrix (Clark and Brugge, 1995the long-range response. Such threshold density might be
Miyamoto et al., 1995b; Schwartz et al., 1995). Finally, it hagpresent on the bead surface but not on the CHO-Ncad cells
been shown that many transformed cells display reducagsed here. This possibility is also in line with previous findings
contact responsiveness, deteriorated adhesion sites athdt transfected CHO cells expressing different levels of N-
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cadherin differ significantly in their morphology and capacityClark, E. A. and Brugge, J. S.(1995). Integrins and signal transduction
to form stable junctions (Geiger et al., 1992). Attempts to test pathways: the road takeBcience?68, 233-239.
this possibility by adding to the CHO-Ncad cells beadSCrltchIey, D. R. (1993). a-Actinins. In Guidebook to the Cytoskeletal and

e . - S . Motor Proteins(ed. T. Krei d R. Vale), pp. 22-23. Oxford Universit
containing different densities of the cadherin ligands at their pess New Yorﬁ(. rels an ale). pp xiore Fniversty

surface, or reacting the beads with epithelial cells that contaionerty, P. and Walsh, F. S(1994). Signal transduction events underlying
prominent junctions, are currently underway. neurite outgrowth stimulated by cell adhesion molecu@str. Opin.

In summary, these studies establish a novel phenomenon ofVeurobiol4, 49-55. _ "
autoregulatory stimulation of adhesion sites that is specific a Ing' L., Stevens, J. L. and Jaken, §1993). Transformation-sensitive

. . . . ocalization of alpha-protein kinase C at cell-cell contacts in rat renal

mutually exclusive for adherens junctions and focal adhesionsyoximal tubule epithelial cell€ell Growth Differ 4, 793-798.
after local clustering and/or immobilization of surface integrin®uval, J. L., Letort, M. and Sigot-Luizard, M. F. (1988). Comparative
or cadherins. The effects are transmitted throughout the cell,assessement of cell/substratum static adhesion using an in vitro organ culture
are both dependent on tyrosine phosphorylation, and yet are ethods and computerized analysis systgiomaterials9, 155-161.
reciprocal ?:uture studi)és coul% foe:us yon the po)gsiblg s, L, Clauser, ., Morgan, D. O., Endery, M., Roth, R. A. and Rutter, W.
. : - . . . J. (1986). Replasment of insulin receptor tyrosine residues 1162 and 1163
intracellular signaling mechanisms involved. Whatever the compromises insulin-stimulated kinase activity and uptake of 2-
mechanisms that underlie these events, the phenomenonieoxyglucoseCell45, 721-732.
provides a new means for feedback augmentation of fzplkman, J. and Moscona, A(1978). Role of cell shape in growth control.

; ; ; At _ Nature273 345-349.
parthUIar adhesive meChamS.m’ Whe.ther medlatlng cell-cell q—rrisch, S. M. and Francis, H.(1994). Disruption of epithelial cell-matrix
cell-substrate adhesion and interaction.

interactions induces apoptosisCell Biol.124, 619-626.
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