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SUMMARY

Racl, a member of the Rho family small GTPases, cadherin-mediated cell-cell adhesion induced Racl
regulates E-cadherin-mediated cell-cell adhesion. However, activation. This activation was inhibited by treatment of
it remains to be clarified how the localization and activation cells with a neutralizing antibody (DECMA-1) against
of Racl are regulated at sites of cell-cell contact. Here, E-cadherin, or with wortmannin, an inhibitor of
using enhanced green fluorescence protein (EGFP)-tagged phosphatidylinositol 3-kinase (Pl 3-kinase). IQGAP1, an
Racl, we demonstrate that EGFP-Racl is colocalized with effector of Racl, and EGFP-Racl behaved in a similar
E-cadherin at sites of cell-cell contact and translocates to manner during the formation of E-cadherin-mediated cell-
the cytosol during disruption of E-cadherin-mediated cell- cell adhesion. Racl activation was also confirmed by
cell adhesion by C&* chelation. Re-establishment of cell- measuring the amounts of coimmunoprecipitated Racl
cell adhesion by restoration of C&" caused EGFP-Racl to with IQGAP1 during the establishment of cell-cell
become relocalized, together with E-cadherin, at sites adhesion. Taken together, these results suggest that Racl is
of cell-cell contact. Engagement of E-cadherin to the recruited at sites of E-cadherin-mediated cell-cell adhesion
apical membrane by anti-E-cadherin antibody (ECCD-2) and then activated, possibly through Pl 3-kinase.

recruited EGFP-Racl. We also investigated whether E-

cadherin-mediated cell-cell adhesion induced Racl Movies available on-line:

activation by measuring the amounts of GTP-bound Racl http://wwwi/biologists.com/JCS/movies/jcs2094.html

based on its specific binding to the Cdc42/Racl interactive

binding region of p21-activated kinase. The formation of E- Key words: Rac1, E-cadherin, cell-cell adhesion

INTRODUCTION in the regulation of cadherin-mediated cell-cell adhesion
(Braga et al., 1997; Kuroda et al., 1997; Kuroda et al., 1998;
Cell-cell adhesion is dynamically rearranged and regulated ihakaishi et al., 1997). Overexpression of constitutively active
various situations including tissue development, theRacl (RacYl?), a mutant that is defective in GTPase activity
establishment of epithelial cell polarity, and wound healingand is thought to exist constitutively in the GTP-bound form
(Adams and Nelson, 1998; Gumbiner, 2000; Takeichi, 1995)n cells, induces greater accumulation of E-cadh@Fitgatenin
Cadherin is a well-known cell-cell adhesion molecule thatnd actin cytoskeleton at sites of cell-cell contact. By contrast,
mediates cell-cell adhesion by Talependent homophilic dominant negative Racl (Ra87), a mutant that preferentially
interactions. The membrane-distal region of the cadheribinds to GDP rather than GTP and is thought to exist
cytoplasmic domain binds tB-catenin, and this complex is constitutively in the GDP-bound form in cells, inhibits their
linked to the actin cytoskeleton hy-catenin. This linkage accumulation (Takaishi et al., 1997). Tiaml, one of the
between cadherin and the actin cytoskeleton is essential f@DP/GTP exchange factors (GEFs) and an activator of Rac1,
cadherin-mediated cell-cell adhesion (Kemler, 1993). 120 is localized at sites of cell-cell contact. Overexpression of
(Ozawa and Kemler, 1998; Yap et al., 1998) &udtenin (Lu  Tiam1 or Rac¥!? inhibits hepatocyte growth factor (HGF)-
et al., 1999), members of the ArmadiBetatenin family, bind induced cell scattering by increasing E-cadherin-mediated cell-
to the membrane-proximal region of the cadherin cytoplasmicell adhesion in Madin-Darby canine kidney (MDCK) cells
domain, and are good candidates for regulators of cadherifHordijk et al., 1997). Furthermore, overexpression of R&c1
mediated cell-cell adhesion. Although several differentor Cdc42'17in EL cells (L fibroblasts that stably express E-
mechanisms have been proposed for cadherin regulation, tbadherin and adhere in an E-cadherin-dependent manner),
regulatory mechanism is not yet fully understood. markedly reduced E-cadherin-mediated cell-cell adhesion, as
The Rho family GTPases, including Racl, Cdc42 and RhoAneasured by the cell dissociation assay (Fukata et al., 1999a).
regulate the reorganization of the actin cytoskeleton (Hall, Recently, it has been reported that IQGAP1, an effector of
1998; Kaibuchi et al., 1999; Van Aelst and D’Souza-SchoreyRacl/Cdc42, negatively regulates cadherin-mediated cell-cell
1997). Recent studies have revealed that they also participatdhesion through the dissociationoe€atenin from3-catenin,
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and that activated Racl binds IQGAP1 and positively regulateBetection of GTP-bound Rho family small GTPases by use
adhesion by inhibiting the IQGAP1 function (Kuroda et al.,of GST-CRIB or GST-RBD (GTPase activity assay)

1998; Fukata et al., 1999a). Moreover, both IQGAP1 and RadlL cells (3<10° cells/10 cm dish) were seeded and cultured for 18
are localized mainly at sites of cell-cell contact (Hart et al.hours. EL cells were transfected with the desired plasmids by using
1996; Kuroda et al., 1996). Thus, Racl regulates E-cadherihipofectAMINE (GIBCO BRL, Grand Island, NY). After a 48 hour
mediated cell-cell adhesion through IQGAP1. However, jincubation, the cells were washed twice with ice-cold Hepes-buffered

remains to be elucidated how the localization and activation gfine (containing 20 mM Hepes, pH 7.4, 137 mM NaCl and 3 mM
Racl are regulated at sites of cell-cell contact. Cl), and lysed in lysis buffer (50 mM Tris-HCI, pH 7.4, 10 mM

. . gClz, 1% NP-40, 150 mM NaCl, 1Qg/ml leupeptin, 10ug/mi
In the present study, we examined the dynamics of Rag rotinin, 10uM (p-amidinophenyl)-methanesulfonyl fluoride). The

Iocalization. during reorgani_zation of cell-cell adhesion inlysates were then centrifuged at 20,@0for 7 minutes at 4°C, and
MDCKII epithelial cells by using enhanced green fluorescencghe supernatant was incubated with purified GST-CRIB immobilized
protein (EGFP)-tagged Racl, and investigated whether Heads at 4°C for 1 hour. The beads were washed three times with an
cadherin-mediated cell-cell adhesion elicits Racl activatiorexcess of lysis buffer, and eluted with Laemmli sample buffer. The
We found that Racl was recruited at intercellular junctionsluates were subjected to SDS-PAGE, followed by immunoblotting
during the establishment of cadherin-mediated adhesion amth the appropriate antibodies.

that E-cadherin-mediated homophilic interactions aCt'Vate?mmunoprecipitation of EGEP-Racl

Ei?;ié)possmly through phosphatidylinositol 3-kinase (P! 3immunoprecipitation was performed as described previously (Kuroda

et al., 1998). In brief, EL cells were transfected with EGFP-Racl.
After a 48 hour incubation, the lysates were incubated with protein A
Sepharose beads for 1 hour at 4°C for preclearing. The supernatant
MATERIALS AND METHODS was then incubated with anti-GFP antibody for 1 hour at 4°C. The
immunocomplex was subjected to SDS-PAGE, followed by
EL cells, MDCKII cells and anti-E-cadherin rat monoclonal antibodyimmunoblotting with anti-GFP and anti-IQGAP1 antibodies.
(mAb) ECCD-2 were kindly provided by A. Nagafuchi and Sh.
Tsukita (Kyoto University, Kyoto, Japan). EL cells were cultured inActivation of Rho family small GTPases by the formation
DMEM supplemented with 10% fetal calf serum containing 0.10f E-cadherin-mediated cell-cell adhesion
mg/ml of G418 (Nagafuchi et al., 1994). MDCKII cells were culturedMDCKII cells (5x10° cells/10 cm dish) were seeded into dishes,
in DMEM supplemented with 10% calf serum. DECMA-1 (Vestwebercultured for 24 hours, and then the cells were serum-starved. After a
and Kemler, 1985), a rat mAb against E-cadherin, was kindly provide@4 hour incubation, E-cadherin-mediated cell-cell contacts were
by R. Kemler (Max-plank Institute fur Immunbiologie, Freiburg, disrupted by treatment with 4 mM EGTA at 37°C for 30 minutes.
Germany) and M. Ozawa (Kagoshima University, Kagoshima, JapanThereafter, intercellular contacts were allowed to reform in the
Anti-GFP antibody (mFX73) was kindly provided by S. Mitani presence of normal €acontaining medium (Cagk1.8 mM) for
(Tokyo Women’s Medical University School of Medicine, Tokyo, 30-120 minutes at 37°C. The activation of the Rho family small
Japan) and used for immunoprecipitation. Another anti-GFP antibodg TPases was measured by the GTPase activity assay using GST-
was purchased from CLONTECH Laboratories Inc. (HeidelbergCRIB or GST-RBD fusion protein (Ren et al., 1999). To examine the
Germany) and used for immunoblotting. Anti-Racl mouse mAb wagffect of DECMA-1 antibody or wortmannin on Racl activation, we
purchased from Upstate Biotechnology Inc. (Lake Placid, NY); andncluded DECMA-1 antibody or wortmannin (200 nM) in the
anti-RhoA mouse mAb from Cytoskeleton Inc. (Denver, CO). Anti-medium.
IQGAPL1 rabbit polyclonal antibody was generated against GST- o
IQGAP1 (aa 1-216). The plasmid of pGEX-Rho binding domainlmmunoprecipitation of IQGAP1
(RBD) (Ren et al., 1999) of Rhotekin was kindly donated by M. A.lImmunoprecipitation was performed essentially similar to the
Schwartz (The Scripps Research Institute, CA); and the cDNA oG TPase activity assay. In brief, MDCKII cellsx(@# cells/10 cm
aPAK was donated by S. Ohno (Yokohama City University School oflish) were seeded into dishes, cultured for 24 hours, and then the
Medicine, Yokohama, Japan). Wortmannin, an inhibitor of Pl 3-cells were serum-starved. After a 24 hour incubation, calcium switch
kinase, was purchased from Wako Chemical (Osaka, Japan). Allas performed. The lysates were then centrifuged and the
materials used in the nucleic acid study were purchased from Takasapernatant was incubated with purified anti-IQGAP1 antibody
Shuzo Co. Ltd (Kyoto, Japan). Other materials and chemicals weimmobilized beads at 4°C for 1 hour. The eluates were subjected to
obtained from commercial sources. SDS-PAGE, followed by immunoblotting with anti-IQGAP1 and
anti-Racl antibodies.
Plasmid constructions
To obtain EGFP-Racl and EGFP-Cdc42, we subcloned the cDNRYnamics of Racl localization in living cells (time-lapse
fragments of Racl and Cdc42 into tBamHI site of EGFP-C1  analysis)
(CLONTECH), respectively. To obtain EGFP-R¥#1and Rach17, To observe living cells, cells were seeded on glass-bottomed dishes
we subcloned the corresponding fragments of Racl mutants in{datsunami glass Inc., Osaka, Japaml(® cells/dish). At 24 hours
BanHIl and Xba sites, andBglll and EcaRl sites of EGFP-C1, after seeding, the cells were transfected with EGFP-Racl via
respectively. A fragment harboring Cdc42/Racl interactive bindind.ipofectAMINE 2000 (GIBCO BRL, Grand Island, NY). The cells
region (CRIB) ofaPAK (aa 70-106) was generated by PCR usingwere serum-starved in medium without phenol red for 24 hours and
oligonucleotides CTGAGGATCCAAGGAGCGGCCAGAGATTT- then calcium switch was performed. Images from living cells were
CTCT and CTGAGGATCCTCACAAGCGGGCCCACTGTTCTG, acquired with a Zeiss LSM 510 laser scanning confocal microscope
digested wittBanHI, and inserted into thBanH| site of pGEX-4T-  (Carl Zeiss, Oberkochen, Germany) equipped with Zeiss Axiovert 100

1 (Pharmacia Biotech, NJ) to obtain pGEX-CRIB. M (Plan Apochromat 64€1.40 NA oil immersion objective). Optical
] scans were collected every 10 minutes. The focus, contrast and
Preparation of GST-CRIB and GST-RBD brightness settings were constant during the course of image

The GST-CRIB and GST-RBD fusion proteins were expressed anacquisition. The images were arranged sequentially in a movie
purified as described previously (Ren et al., 1999). sequence on Adobe ImageReady (Adobe System Inc.).
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Localization of E-cadherin and EGFP-Rac1 in MDCKII cells Rac12 induced membrane ruffling in EL cells (Fig. 1B).

MDCKII cells were seeded onto three 13 mm coverslips in each weWhen EGFP-Racf? was used to transfect into MDCKII

of a 6-well cell culture plate (1A cells/well). At 24 hours after epithelial cells to monitor its localization, EGFP-R&1

seeding, the cells were transfected with EGFP-Racl and then serugecumulated at sites of cell-cell contact (data not shown). The

starved for 24 hours. Thereafter, calcium switch was performed. Thecalization of EGFP-Ra12 at sites of cell-cell contact was

E:ells \)N]?re fixed with 3% formaldehyde in phos%har:e-buffered zal"nmdistinguishable from that of HA- or myc-tagged RERL

PBS) for 10 minutes at room temperature and then permeabiliz . . iehi

with PBS containing 0.2% Triton X-100 and 2 mg/ml BSA for 156?909[]7)&?& o?leeclj\slg?,tﬁ(geglgl:;iuzgot?oan egf ?Eléég?lzé (;alzglizhlzf g)l"

minutes. The fixed cells were finally stained with indicated antibodies. Lo ’ . iy
\faas similar to that of endogenous Racl (Royal et al., 2000;

Images were acquired with a Zeiss LSM 510 laser scanning confocgl®
microscopy. XZ scans were generated with a®mmotor step. The ichaelson et al., 2001). Thus, we concluded that EGFP-Racl

focus, contrast and brightness were set so that all pixels were in thénctioned as endogenous Racl.

linear range. . L .
Dynamics of Racl localization during the

Recruitment of EGFP-Racl by engagement of E-cadherin reorganization of E-cadherin-mediated cell-cell
MDCKII cells (2.5¢<10° cells/6 cm dish containing three 13 mm adhesion in living cells

coverslips) were transfected with EGFP-Racl. Twenty-four hourEJsing the calcium switch model in MDCKII epithelial cells
after the transfection, the cells were placed on ice for 15 minutes al ﬁ’ece et al., 1999), we examined the dynamics of EGFP-Racl
then incubated with ECCD-2 for 60 minutes on ice. After having beeqy, - o i ’in Iivingi cells by time-lapse analysis (Fig. 2A; see

washed with ice-cold DMEM, the cells were treated with Texasred-"~". . ; . o
conjugated anti-rat antibody for 60 minutes at 4°C and then washdgOVi€; http://lwww/biologists.com/JCS/movies/jcs2094.html).

with ice-cold DMEM. Subsequently, the cells were incubated for 6" MDCKII cells cultured in normal C4 levels (~1.8 mM),
minutes at 37°C. Finally, the cells were fixed with 3% formaldehydéeGFP-Racl was localized at sites of cell-cell contact. By
in PBS (Fujimoto, 1996). contrast, in cells treated with EGTA, a®a&helator, EGFP-

Racl was translocated from sites of cell-cell contact to the
cytosol and became diffusely distributed there. After the

RESULTS restoration of C&, EGFP-Rac1l could again be detected at sites
_ of cell-cell contact, and by 120 minutes after the restoration,
EGFP-Racl functions as Racl formation of E-cadherin-mediated cell-cell adhesion sites was

To examine the localization of Racl in living cells, wecomplete. These results suggest that EGFP-Racl dynamically
constructed cDNAs of wild-type, constitutively active andrelocalizes during the reorganization of E-cadherin-mediated
dominant negative Racl tagged with EGFP at its N-terminusell-cell adhesion. We next examined the localization of both
(designated as EGFP-Racl, -RAE@l and -Racll?’, EGFP-Racl and E-cadherin in MDCKII cells. EGFP-Rac1l and
respectively). As an initial characterization, EL cells wereE-cadherin were colocalized at sites of cell-cell contact in
transfected with EGFP-Racl, -R¥¢41 and -RacW®l’ for = MDCKII cells cultured in normal G4 levels (Fig. 2B). After
transient expression, because the transfection efficiency wése chelation of CH, both EGFP-Racl and E-cadherin
high and the membrane ruffling, the most typical phenotype dadisappeared from sites of adhesion and relocated to the cytosol,
Racl, is induced by dominant active Racl in EL cells, buthen translocated to sites of adhesion by*@astoration (30

not in MDCKIl epithelial cells (Ridley et al., 1995). minutes). After 120 minutes of €arestoration, both EGFP-
Immunoprecipitation by anti-GFP antibody was thenRacl and E-cadherin were colocalized at sites of cell-cell
performed. 1QGAP1, an effector of Racl, wasadhesion. Moreover, we confirmed that EGFP-Racl was
coimmunoprecipitated with EGFP-R&6%, but not with colocalized with E-cadherin but not with ZO-1, a marker of
EGFP, EGFP-Racl nor EGFP-RYEA (Fig. 1A). EGFP- tight junction, at lateral membrane by XZ scans (data not

A B
EGFP-Rac1 V12 phalloidin Merged

k=3 < |QGAP1

= ——— |- EGFP-Rac1

|- <EGFP

EGFP WT V12 Ni7
EGFP-Rac1

Fig. 1.Characterization of EGFP-Rac1l. (A) EL cells were transfected with EGFP alone or with EGFP-Racl mutants for transient expression
GFP-fusion proteins were immunoprecipitated with anti-GFP antibody. The immunocomplexes were subjected to SDS-PAGE, followed by
immunoblotting with anti-IQGAP1 and anti-GFP antibodies. (B) EL cells were transfected with EGPA2RAfter a 48 hour incubation, the

cells were fixed and then stained with tetramethylrhodamine B isothiocyanate-phalloidin. An arrow indicates the membrarigaruffidam.
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A

Calcium Restore Restore
switch ~ None ~Chelate (30 min) (120 min)

EGFP-Rac1

B

Calcium Restore Restore
switch None Chelate (30 min) (120 min)

Merged

Fig. 2. Localization of EGFP-Rac1l during a calcium switch. (A) Dynamics of EGFP-Racl localization was analyzed by time-lapse imaging.
MDCKII cells were transfected with EGFP-Racl. The cells were treated with 4 mM EGTA for 30 minutes. Subsequently, the tedbteder

with Ca*-containing medium for the indicated times (see movie, http://www/biologists.com/JCS/movies/jcs2094.html) (B) MDCKII cells were
transfected with EGFP-Rac1 and then calcium switch was performed. The cells were stained with anti-E-cadherin antibody (ECCD-2)
followed by Texasred-conjugated anti-rat antibody. All confocal images were acquired under the same conditiongurBars, 10

shown). Thus, EGFP-Racl and E-cadherin behaved in a similBEECMA-1-treated cells may look less confluent, the reason is
manner during the reorganization of cell-cell adhesion sites. because the cells cannot adhere each other.

. o It has been reported that E-cadherin-mediated cell-cell
DECMA-1, but not wortmannin, affects localization adhesion induces Pl 3-kinase activation in MDCKII cells
of EGFP-Racl and E-cadherin followed by Akt/PKB activation (Pece et al., 1999). Moreover,
To further investigate the relationship between EGFP-Racl arible interaction of Pl 3-kinase with E-cadherin (Pece et al.,
E-cadherin, we examined the effect of DECMA-1 (Vestwebed999) or(-catenin (Espada et al., 1999) has been reported.
and Kemler, 1985), a neutralizing antibody against E-cadherilBecause activated Pl 3-kinase is thought to activate Racl
on the localization of EGFP-Racl and E-cadherin(Hawkins et al., 1995; Kotani et al., 1994; Reif et al., 1996),
Pretreatment of the cells with DECMA-1 before 2Ca these observations suggest the involvement of Pl 3-kinase in
restoration inhibited the recruitment of EGFP-Racl and Ethe E-cadherin-dependent Racl recruitment. To address this
cadherin at sites of cell-cell contact (Fig. 3). Althoughpossibility, the effect of wortmannin, an inhibitor of Pl 3-
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kinase, on EGFP-Racl and E-cadherin localization wa - P
examined. Preincubation of cells with wortmannin (200 nM) DECMA-1 Wortmannin

prior to C&* restoration had no effect on the localization of

EGFP-Racl and E-cadherin (Fig. 3). Thus, Pl 3-kinase dos

not appear to be involved in the recruitment of EGFP-Racl ar a
E-cadherin at sites of cell-cell contact. E-cadherin

Recruitment of Racl by accumulation of E-cadherin

Is Racl specifically recruited at the E-cadherin-based adhesi

sites or simply recruited to the plasma membrane? To elucida

whether Racl specifically accumulates at E-cadherin-base

adhesion sites, we developed an assay to force tt

accumulation of E-cadherin at the apical membrane using an EGFP-Rac1
E-cadherin antibody (ECCD-2) and examined whether EGFF

Racl, EGFP-Ra¥#? and EGFP-Racd¥#’ are recruited in an
E-cadherin-dependent manner. The cells were first incubate

with ECCD-2 and treated with Texasred-conjugated seconda

antibody on ice without fixation. Then, the cells were

transferred to 37°C to allow the secondary antibody tc

crosslink the first antibody and to cluster E-cadherin at th Merged
apical membrane as aggregatescatenin andf-catenin,

which are anchoring molecules of E-cadherin, were recruite

to the aggregates (data not shown). Under these conditior

EGFP-Racl, EGFP-Ra¢® and EGFP-Rac¥’ were

recruited to aggregates composed of E-cadherin at the apicFig. 3. DECMA-1, but not wortmannin, inhibits recruitm_ent of Racl
membrane (Fig. 4A). EGFP alone was not recruited (Fig. 4At© sites of cell-cell contact. MDCKII cells transfected with EGFP-
and hardly any EGFP-Cdc42 and EGFP-RhoA were recruiteRacl were treated with 4 mM EGTA in the presence of either a -
(data not shown). It was confirmed by XZ scans that Eneutrahzmg antibody against E-cadherin (DECMA-1) or an inhibitor

. . of PI 3-kinase (wortmannin; 200 nM) for 30 minutes. Subsequently,
cadherin was accumulated at the apical membrane {:md t.rthe cells were treated with &acontaining medium in the presence
EGFP-Racl was recruited to accumulated E-cadherin (Fil gither DECMA-1 or wortmannin for 30 minutes. Then the cells
4B). There were E-cadherin clusters where EGFP-Racl Wiwere fixed and stained with ECCD-2, followed by Texasred-
not visible, probably because some of the E-cadherin clusteconjugated anti-rat antibody. The results are representative of three
have been endocytosed and EGFP-Racl is no longindependent experiments. Bar, 1.
associated. E-cadherin aggregates are thought to mimic
cadherin clustering and this clustering is required for E _ _ _ _
cadherin-mediated cell-cell adhesion (Gumbiner et al., 2000k-cadherin-mediated cell-cell adhesion activates

Taken together, these results indicate that Racl could Wacl

recruited by E-cadherin-mediated cell-cell adhesion. Active Racl was measured by affinity precipitation using GST-
N ] CRIB during a calcium switch (see MATERIALS and

GST-CRIB specifically binds to GTP-bound METHODS). In MDCKII cells cultured in medium with

Rac1/Cdc42 normal C&* levels, Racl in its active GTP-bound form could

To examine whether Racl is activated during the formation die detected; lane indicated by ‘EGTAnd Calcium’ (Fig.
E-cadherin-mediated cell-cell adhesion, we took the advantag®). When E-cadherin-mediated cell-cell adhesion was
of the fact that Racl effectors interact only with GTP-boundiisturbed by C% chelation, the level of active Rac1 decreased.
Racl (Ren et al, 1999). We constructed GST-fusedhe amounts of active Racl rapidly increased as E-cadherin-
Cdc42/Racl interactive binding region (CRIB) of PAK, PAK mediated cell-cell adhesion was restored. The Rac1l-GTP level
being a Racl/Cdc42 effector. To evaluate the specificity gbeaked at 30 minutes and sustained to 120 minutes after
GST-CRIB, we coupled GST-CRIB to glutathione beads andestoration (Fig. 5B) Then, the Racl-GTP level gradually
incubated them with lysates from EL cells expressing GFPreturned to the basal level (data not shown). Total Racl in
tagged mutants of the Rho family. The beads were washed, alydates did not change during this process. No Racl was
the bound proteins were analyzed by immunoblotting with adetected in samples incubated with GST alone. In contrast to
anti-GFP antibody. GST-CRIB specifically bound to R481 Racl, the level of active RhoA as measured by GST-RBD, was
and Cdc4¥12 (Fig. 5A). No specific binding was detected with not affected and remained at the basal level during a calcium
wild-type Racl, Radil?, wild-type Cdc42 and Cdc¥?7 (Fig.  switch (Fig. 5B). Although we tried to detect active Cdc42 by
5A). GST-CRIB did not bind to dominant active RhoA (datausing GST-CRIB, we could not detect it under the conditions
not shown). Similar results were obtained using HA-taggeémployed (data not shown, see DISCUSSION). These results
small GTPases instead of GFP-tagged ones (data not showsiggest that Racl is activated by the formation of cell-cell
These results indicate that this GST-CRIB has a high specificigzdhesions. The findings that Racl was greatly accumulated at
for GTP-bound Racl and Cdc42. For detection of GTP-bounsites of cell-cell contact and activated during formation of cell-
RhoA, GST-fused Rho-binding domain (RBD) of Rhotekincell adhesion sites, suggest that Racl was activated at sites of
was used (Ren et al., 1999). cell-cell contact.
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DECMA-1 inhibits Rac1 activation found that Racl is recruited at sites of cell-cell contact and
These results are, however, not sufficient to conclude that Ectivated by E-cadherin-mediated cell-cell adhesion. However,
cadherin-mediated cell-cell adhesion induced Racl activatiome have not directly detected and visualized GTP-bound Racl
Because MDCKII cells adhere to each other through not onlgit sites of cell-cell contact. The method to achieve this is not
E-cadherin but also other cell adhesion molecules, it is possibévailable at present. Instead, to support the idea that Racl is
that cell adhesion molecules besides E-cadherin activate Ractivated at sites of cell-cell contact, we examined the
Moreover, influx of C#& into cells might induce Racl localization of effectors of Racl, which specifically bind to
activation. To exclude the possibility that Racl activation wa&TP-bound Racl and might be recruited in a GTP-bound
due to factors other than E-cadherin, we tectad

the effect of DECMA-1, a neutralizit A

antibody against E-cadherin. MDCKII ce EGFP E-cadherin Merged

were incubated with EGTA in the presenct

DECMA-1, and then Cd was restored to tf

medium in the presence of DECMA-1. Ri

activation induced by Ca restoration wa EGFP
inhibited by DECMA-1 antibody (Fig. 6A

This result indicates that E-cadhe

homophilic interaction is responsible for

Racl activation. As described abc
accumulating evidence suggests that P

kinase is involved in E-cadherin-depenc

Racl activation. To address this possibility, EGFP-
examined the effect of wortmannin, Rac1
inhibitor of PI 3-kinase, on Racl activati
Preincubation of cells with wortmannin (2
nM) prior to C&*" restoration inhibited tr
Racl activation by Ca restoration (Fig. 6B
suggesting that Racl was activated by
formation of E-cadherin-mediated cell-c
adhesion through PI 3-kinase. Bece
wortmannin  inhibited E-cadherin-induc
Racl activation but did not affect 1
localization of Racl and E-cadherin (Fig.
the recruitment of Rac1 to sites of E-cadhe
mediated cell-cell adhesion is probably
sufficient for Racl activation (s
DISCUSSION).

The amounts of coimmunoprecipitated
Racl with IQGAP1 increase by E-
cadherin-mediated cell-cell adhesion

By using EGFP-Racl and GST-CRIB, B

EGFP E-cadherin Merged

Fig. 4.Engagement of E-cadherin recruits Rac1.

(A) MDCKII cells were transfected with the

indicated plasmids. The cells were placed on ice for

15 minutes and then incubated with anti-E-cadherin EG FP
antibody (ECCD-2) for 60 minutes on ice. After

having been washed with ice-cold DMEM, the cells

were treated with Texasred-conjugated anti-rat

antibody for 60 minutes at 4°C and then washed

with ice-cold DMEM. Subsequently the cells were

incubated for 60 minutes at 37°C to promote

clustering, and then fixed. Arrowheads indicate the

E-cadherin clusters accumulated by ECCD-2.

EGFP-Racl, EGFP-Ra¥® and EGFP-Rac¥’,

but not EGFP alone, were recruited at E-cadherin- EG FP-
clustered aggregates. All confocal images were

acquired under the same conditions. Banid0 RaC1
(B) The localization of E-cadherin and EGFP-Racl

was examined at apical membrane by XY and XZ

scans. The results are representative of three

independent experiments.
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5 ;:é absence or presence of DECMA-1 for 30 minutes. Racl activation

was measured as described in Fig. 5B. (B) MDCKII cells were

Fig. 5. E-cadherin-mediated cell-cell adhesion activates Racl treated with 4 mM EGTA in the absence or presence of wortmannin
(A) EL cells were transfected with the indicated plasmids. The cells ;Zb%?/gMD);g 2%“;:2;,};58' Ea%% f‘?\fg\iﬁggSg:l?jsemeeizgﬁri:;tsescnbed
were lysed with lysis buffer, and the lysates were incubated with ' o '
GST-CRIB. The proteins bound to GST-CRIB were subjected to

SDS-PAGE, followed by immunoblotting with anti-GFP antibody

(upper panel). The lower panel shows the expression of EGFP, .
EGFP-Racl or EGFP-Cdc42 proteins. (B) In MDCKII cells, Racl detected at sites of cell-cell contact. Thus, IQGAP1 and Racl

activation during a calcium switch was measured as described (seeP€haved in a similar manner during the reorganization of
MATERIALS AND METHODS). Data are meass.e.m. of five E-cadherin-mediated cell-cell adhesion. Next, we examined
independent experiments. Note that the lane indicated by ‘EGTA the Racl activation by measuring the amounts of
and Calcium’ shows Rac1 activation cultured in normaPClvels.  coimmunoprecipitated Racl with IQGAP1 during a calcium

switch. Because, IQGAP1 and Racl are mainly localized at

sites of cell-cell contact and IQGAP1 specifically binds to
Racl-dependent manner. IQGAP1 was selected as an effec@®fFP-bound Racl, the amounts of coimmunoprecipitated Racl
of Racl. We previously proposed that IQGAP1 negativelycould at least contain the amounts of GTP-bound Rac1l at sites
regulates cadherin-mediated cell-cell adhesion (Kuroda et abf cell-cell contact. In normal Ga conditions, Racl was
1998) and that activated Racl binds IQGAP1 and positivelgoimmunoprecipitated with IQGAP1 (Fig. 7B,C). This
regulates adhesion by inhibiting the IQGAPL1 function (Fukat@oimmunoprecipitated Racl is thought to be a basal Racl
et al., 1999a). Moreover, IQGAP1 is mainly localized at sitesictivation at sites of cell-cell adhesion. Subsequently,
of cell-cell contact (Hart et al., 1996; Kuroda et al., 1996). Ircoimmunoprecipitated Racl with IQGAP1 decreased & Ca
MDCKII cells cultured in normal Gé levels, IQGAP1, EGFP- chelation and increased again by*Qastoration (Fig. 7B,C).
Racl and E-cadherin were colocalized at sites of cell-celThese results were consistent with the data of GTPase activity
contact (Fig. 7A); whereas, in cells treated with EGTA, theyassay using GST-CRIB and suggest that Racl is activated by
were translocated from sites of cell-cell contact to the cytosothe formation of E-cadherin-mediated cell-cell adhesion at
At 30 minutes after restoration of €athey could again be sites of cell-cell contact.
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Fig. 7.Localization and interaction of Racl with IQGAP1 during a calcium swifhLocalization of E-cadherin, EGFP-Racl and IQGAP1
was examined by immunostaining. The cells expressing EGFP-Racl were doubly stained with anti-E-cadherin antibody (EC@DP2) and an
IQGAPL1 antibody, followed by Texasred-conjugated anti-rat antibody and Cy5-conjugated anti-rabbit antibody, respecti@|yrBés) In
MDCKII cells, Racl activation was examined by measuring the amounts of coimmunoprecipitated Racl with IQGAP1 during a calcium
switch. (C) Data are meatse.m. of five independent experiments.

DISCUSSION likely to be dissociated from Rho GDI by Rho GDI
displacement factors (GDFs), such as the ezrin/radixin/moesin
Although the Rho family GTPases regulate cadherin-mediate@ERM) family of molecules (Takahashi et al., 1998), and
cell-cell adhesion (Fukata et al., 1999b), it remains to bsepecific GEFs for Rho are activated. The GDP-bound form of
elucidated how their localization and activation are regulatedRho is then converted to its GTP-bound form by GEF
Here, we investigated whether and how Racl is recruited arattivation. Rho is targeted to specific membrane sites through
activated by E-cadherin-mediated cell-cell adhesion. We founids C-terminal modification (geranylgeranylation) and interacts
that Racl was recruited to sites of E-cadherin-mediated cellvith its specific effectors. GTP-bound Rho is reconverted to
cell adhesion and that E-cadherin-mediated homophilithe GDP-bound form by its intrinsic GTPase activity and
interactions and Pl 3-kinase activity were required for RactTGTPase-activating proteins (GAPs). Rho GDI can then form a
activation, but not for Racl recruitment. Moreover, we founccomplex with the GDP-bound Rho, extract Rho from the
that IQGAP1 and Racl behaved in a similar manner during theembrane and move it into the cytosol. C-terminal
formation of E-cadherin-mediated cell-cell adhesion and thanodification of Rho plays a crucial role in anchoring Rho to
Racl activation by E-cadherin-mediated cell-cell contact wathe cellular membrane and in interacting with Rho GDI
confirmed by its binding to IQGAP1. On the basis of thes€Michaelson et al., 2001). Because Rho GDI interacts with
observations, we speculate that there should exist at least tRacl, blocks the dissociation of GDP from GDP-bound Racl
steps through which E-cadherin-mediated cell-cell adhesioand extracts Racl from membranes, as in the case of Rho, the
activates Racl: (1) Racl recruitment at sites of cell-celinechanism underlying the recruitment of Racl can be
contact; and (2) Racl activation by a certain GEF. predicted to be like that of Rho. GDP-bound Racl is
Several observations suggest that Rho, another Rho famibgquestered in the cytosol by Rho GDI before establishment of
protein, shuttles between the cytosol and specific membramadherin-mediated cell-cell adhesion. When cadherin-
sites (Sasaki and Takai, 1998). In resting cells, Rho existaediated homophilic interactions occurred, GDP-bound Racl
mostly in its GDP-bound form and in complexes with Rhodissociated from Rho GDI, possibly through the action of GDF,
dissociation inhibitor (Rho GDI) in the cytosol. Upon and targets plasma membrane by its C-terminal CAAL motif
stimulation with extracellular signals such as thrombin, Rho ier another regulatory mechanisms. GDP-bound Racl is then



E-cadherin-mediated cell-cell adhesion recruits and activates Racl 1837

converted to GTP-bound Racl through the action of a certaiole in the regulation of cadherin-mediated cell-cell adhesion
GEF. Further studies are required to address this issue. than Cdc42. Modulation of the cadherin-mediated cell-cell
Pece et al., reported that the engagement of E-cadherinsadhesion by Racl or Cdc42 might depend on the cell type.
homophilic cell-cell interaction resulted in rapid PI 3-kinase In this study, we found that E-cadherin-mediated cell-cell
activation (Pece et al., 1999). We found that wortmannin, aadhesion activated Racl (outside-in signaling). A previous
inhibitor of PI 3-kinase, inhibited the Racl activation bystudy showed that Raé# promoted accumulation of E-
establishment of E-cadherin-mediated cell-cell adhesion (Figtladherin at sites of cell-cell contact, whereas dominant
6B) but not the recruitment of Racl and E-cadherin at sites miegative Rac¥1” inhibited it (inside-out signaling; Takaishi et
cell-cell contact (Fig. 3). These data suggest that Pl 3-kinasd., 1997). As in the case of integrin-mediated cell-substratum
functions upstream of Racl in the process of E-cadheriradhesion (Schoenwaelder and Burridge, 1999), there exists bi-
induced Racl activation. E-cadherin-mediated cell-celtlirectional signaling pathways between E-cadherin and the
adhesion might be established by two steps: (1) recruitment &ho family GTPases.
E-cadherin at sites of cell-cell contact; and (2) maturation and
maintenance of the adhesion (e.g. by cadherin-clustering andWe thank M. A. Schwartz for providing pGEX-RBD; A. Nagafuchi
anchoring by actin cytoskeleton). We think the action of Racggghzfinm:rl](tlitgo;?/r ?é%védéng)-aé C?\/I”isténl\iﬂ?gKgrg\(/ailcljsingngn%ngl:Eé
activation is involved in the second step. Pl 3-kinase might®: i el 2 VI ; -
regulate this second activation process and be required for tgaIC0dY (MFX73); S. Ohno for providing CONA aPAK; and R.

wrati d int f dherin-b d adhesi mler and M. Ozawa for anti-E-cadherin antibody (DECMA-1).
maturalion - and maintenance or cadherin-based adneslofg;s york was supported by grants-in-aid for scientific research from
rather than the initial recruitment.
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