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inhibition off Ol.swasBsn of Epithelia1 Cells by 
Tiam1 --Rae Signaling 

Peter %. Hsrdijk," Jean Paul ten Klsoster, 
Rob A. van der Kammen, Frits Michiels, 

Lauran C. J .  M. Oamen, John G .  Collard-; 

Tiaml encodes an exchange factor forthe Rho-like guanosine triphosphatase Rac. Both 
Tiaml and activated RacV12 promote invasiveness of T lymphoma cells. In epithelial 
Madin-Darby canine kidney (MDCK) cells, Tiaml localized to adherens junctions. Ec- 
topic expression of Tiaml or RacV12 inhibited hepatocyte growth factor-induced scat- 
tering by increasing E-cadherin-mediated cell-cell adhesion accompanied by actin 
polymerization at cell-cell contacls. In Ras-transformed MDCK cells, expression of 
1-iaml or RacVl2 restored E-cadherin-mediated adhesion, resulting in phenotypic re- 
version and loss o-f invasiveness. These data suggest an invasion-suppressor role for 
Tiaml and Rac in epithelial cells. 

IXllo-like guano,lne tr~pl~osyliar,~\ea> 
\GTPaae\! orchestrate il~stlnct cytoskcletal 
cll i in~e\ ill re.;yone to receptor s t~mula t~on  
( 1 ) .  The iyudn~ne ni~ileotlde cscl1:inge tactor 
Tiaml act~v:ites the Rhc3-lil<e GTP, I .~  Kcis, 
re>illti~li' 111 reorm111:~1t1~311 of [he corrieal ;IC- 
tln cytoskc1eti)n in til~roblasts ;in~l iniiuctinn 
of ill\-a>i\-eness ill T 1~-111yhom,i cell. ( 2 ,  3).  
lnva . ;~~)n ,rnJ mrt,istas~s ot i:lrclnnl-ii:i cell> is 

heen idcntiticL1 111 lium,in t u m ~ ~ r s  and tumor 
cell 11nei (7 .  8). 

K'e i le ter~l l~ne~l  the d~srrilxlr~on anL{ local- 
1:atlon of Tlaml 111 XIDCK1 cell> (9). i?il>out 
3 I<) 
-L u of Tici~ll l  nab yreenr  111 the Trltinl 
X-lL?c'-~~isc~luhle fr,ict1i>n (1 L?! anil liliclr rep- 
rc.;ented T i a ~ n l  ,~ssc~ciateil n.~tli the c\-ti3>l;cl- 
eton (Fig. I A ) .  Immu11ocyroche111ic~il ;inaly- 
3.. (1 1)  of m a l l  colo~lics of LlDC1<3 cells 
re\,ealeil that the y r ~ ~ r e ~ n  11-as concentrateil ; ~ t  
adheren> iuncr~ans (Fig. I B). X'e intrniluceil 
iilll-length and NHI-rei.m~n,~lly truncLiteLi 
\-crslons o t T i : ~ m l  (see FIS 1C)  into IclDCIC 
cells l ~ v  retroviral trancLluction (9). The  mu- 
tant Ti;im1 proteins, \vllich n.ere Inore st,il?le 
than kill-length T ~ , i m l  (3, 12), n.erc of the 
especte~l s i x  anii )\-ere csyre~scil 111 equal 
ami.unt\ (Fig. ?'A). Imii1unocvtoche111ic;11 
anal~-se\ ( i 3 )  rcvealeil that CjSC7T1aml was 

j3r~selit 111 the cy-tolllasm (FI:.. 1 D). The f~111- 
leli:.rli a~i i l  the C1199T1aml prore111s \yere 
concentrateil at sitea of cell-cell col-itact 
where the\- 1ocali:eJ with cortlial F-actln, as 
~ 1 i J  c~ - i J iye i~ (o~~ ,  T i < i ~ ~ i l  (Fig. 1 D). \!ertical 
(Liz) ~m~~:.es ,hil\\-ecl tliat C1 199Tiam 1 lvas 
e\-enlr- Liihtril-utecl c-1.e~ the lateral ,iJe of the 
cells a11d n ,is abie~i t  trc>ni the aplcal or h a a l  
.l,lr (Fig. 1 L3). Its li1ca11:ai 1011 at aL1herel-i~ 
1~1nct1i11-i~ ~uggesre~l a role for T ~ a m l  in regu- 
latii)~-i nt  cell-cell aJhe\ion. 

The trC~i-isi1~eillhral-ie glycopnitein E-cail- 
hel-in (n.llere E Jes ig~~ates  e1~~thelial) ,  actmg 
tliroiig1-i c;ilc1~1i11-~1eyc.ildclit liomL>tyyic ulrer- 
,ictlons, is the prlllie illecliator ot  cell-cell ;lL1- 
l-ie,,iin-i in L'lDCK cells i l 4 ) .  Because Ti'lml 
1ocali:eii u .~t l i  E-cuL1heri1-i in cell-cell iunc- 
tir>n\ ( F y .  1E). 1r.c st~l~lleci tlie cffect L I ~  

Cl l99Tiaml on cell c~i i l~ealo~i  a n ~ l  motillty l>y 
~ i s i i ~ c  lieyatoc\-te croath  tcictor (HGF)- 
i i i ~ l ~ ~ c e ~ l  iIissi>ciati~n of c i > l ~ ~ i ~ i e s  (acattei-ing) 
\ 1-4. 1-5 16). h~lllCI<2 cells rspreai l~g 
Cl l99Tiainl  slio\veLi 110 <c~tteril ig in rc- 
>pol-ise to HGF, ~vheri.as cells in the same 
il~icroscop~c tiel~l that lackeil C1199Tlarnl 
\?ere ,ihle to scatter (Fie. 1E). Slm~lar  l ~ i r  lebs 
proni~uncecl results n.ere i>htai~ieil tvirl~ 
hlDCK1 cell, that exprc\se~l activateil 
Kcic\'l?. 111 contrast, cells espl-csing 
CiY2Tiaml slion.eJ HCF-iniiuce~i scatterilig 
\imllar to coi-itrol cells that did iiot e sp res  
Tiainl (see Fig. 1E). Esyre\sio~i c>t E-cadl-ieri~l 
anLl irs dsioii,~teLl yrotci~-is p- anil ~-cate i i i l l  
\\,a 11ot alrcreil 111 tlie C1 199Tlainl-espress- 
liig cells. T o  ~lisiriminate i)et\~een ~ t lmula r i i~ i~  
01 E-catllier~n-~lieiiiateil aLllles~on anil ~nhihi -  
tion ot cell motility, \i-e b l~cl ied  E-caillierln 
tuncr~on ,inil ailtietl HGF to ~niluce ~lisaocia- 
r ~ o n  of ci>lnnies  nil stimu1,ite cell motility. 
hfnCI<l  cells esllsessing (:I 199Tlaml were 
treated ( 13) \vltIi the ,intil,oily DECbL-A-I 
iilrecteil ag:~inst the estracellul:~r pirr of E- 
caLlher111 (4. 51, lvh~ch reiulteii in HGF-in- 
Li i~cc~l  scatterlnp nnil cytoplasm~e localiz~it~on 
ot CI I99Tiaml (Flg. IF).  Thc\i. results .;lion. 
that C1199T~aml-esl.rcssi11g IclDCK2 cells 
are refractory to HGF hccau\e o i  incre,i>rii 
E - c ~ I ~ ~ L I ~ ~ ~ I I - M ~ L ~ L ~ ~ ~ L I  ;iilheii~>n rather th:in 
r c ~ i i ~ c c ~ i  rni>t~llty. 

R,rs-transtl)rmeJ MDCK cells (MDCItf3) 
(5) display a iil~rol~last-li1;e phenorylle, do 
11i)t qrow in colonies, ancl ;ire 111glilv in\:asive 
as a result o t  I-eiiuceii E-cailherin-meil~ated 
cell-cell clillies~un (4, 5). W e  uenerated 
hlDCKf.3 cell 11nes (9 )  esprewny the varl- 
uus Tl,11ii1 construct.: and ;rcti~.ared R a c V l l  
(Fig. 2A). Translent a s  stable espres\ion o t  
C1199T1aml or KacVI ? i n Juce~ l  re\~er.;loli 
ot tlie t~brc>hla,,t k)lienotyk>e tolvar~l the e p -  
thellal plienot)-pe and restoreii cell-cell ail- 
lieiic~n (Fig. 3B). CYral~la\mic C5Sc?Ti:iml 
diil not revert the R;is plicnorvpe aliil rlie 
ettecc of Il,lcVlL \va> less pronouncc~l tliali 
rli,lt ot C1199Tlaml (Fig. 3B). R e \ ~ e r > ~ o n  o t  
the R:IS plienotyLie 1>y C1199Tiaml \vai nor 



Fig. 1. Expression and effects of 
Tiaml in MDCK2 cells. (A) Pro- 
tein immunoblot showing distri- 
bution of endogenous Tiaml af- 
ter immunoprecipitation from 
Triton-soluble (T) and Triton-in- 
soluble (RIPA) (R) fractions. Ar- 
rowhead indicates Tiaml; mo- 
lecular size markers are in kilo- 
daltons; PC, preclear. (B) Immu- 
nocytochemical staining of 
endogenousTiam1. Scale bar = 

10 km. (C) Schematic drawing 
of truncated Tiaml constructs. 
PHn and PHc, NH,-terminal and 
COOH-terminal PH domains; 
DHR, Discs-Large homology re- 
gion; DH, Dbl-homology do- 
main; F.L. Tiaml, full-length 
Tiaml. (D) Confocal images 
showing cytoplasmic localization 
of C580Tiaml and discrete lo- 
calization of C1199Tiaml at cell- 
cell junctions when expressed in 
MDCK2 cells. Tiaml is in green, 
F-actin is in red, and colocaliza- 
tion appears in yellow. Scale 
bars = 25 km. (E) Inhibition of 
HGF-induced scattering in 
C1199Tiaml -expressing cells; 
the nonex~ressina cells scatter. 
E-cadherin is in r 4  and C1199Tiaml is in green. Scale bar = 25 km. (F) Merged image of C1199Tiaml -expressing MDCK2 cells pretreated with DECMA-1, the 
antibody to E-cadherin, and HGF. F-actin is in red and C1199Tiaml is in green. Scale bar = 25 km. 

due to changes in expression of Ras or to 
increased E-cadherin expression in these 
Ras-transformed cells. The restored cell-cell 
adhesion was confirmed and quantified by 
dissociation assays (17). The C1199Tiaml- 
and RacV12-expressing MDCKD cells re- 
mained as aggregates under conditions that 
induced almost complete dissociation of 
control cells (Fig. 2C). 

C1199Tiam1, but not C580Tiam1, local- 
ized with cortical F-actin as well as with 
E-cadherin in newly formed adherens junc- 
tions in the MDCKf3 cells (Fig. 3, A to C) 
and prevented HGF-induced scattering. 
RacV12 also localized at adherens junctions, 
although most of the protein was cytoplasmic. 
This may explain why the phenotype induced 
by C1199Tiaml was more pronounced than 
that induced by RacV12. Treatment (13) of 
the reverted MDCKf3 cells with the antibody 
to E-cadherin induced dissociation of 
C1199Tiaml-expressing cells, which re- 
gained a fibroblastoid phenotype. Subse- 
quent addition of HGF enhanced this ef- 
fect, inducing scattering of C1199Tiaml- 
expressing cells and cytoplasmic localiza- 
tion of the protein (Fig. 3D). Reversion of 
the fibroblast phenotype in C1199Tiaml- 
expressing MDCKf3 cells apparently was 
based on restoration of functional E-cad- 
herin-mediated cell-cell adhesion. 

Mutational analysis of the C1199Tiaml 
protein revealed that a deletion in the NH,- 

terminal Pleckstrin homology (PHn) domain, 
but not in the Discs-Large homology region, 
impaired the restoration of E-cadherin-medi- 
ated adhesion in MDCKf3 cells. Similar to 
C580Tiam1, the PHn mutant was localized in 
the cytoplasm, indicating that the PHn do- 
main is essential for proper localization of 
C1199Tiaml at sites of cell-cell contact. 
MDCK cells expressing C1199Tiaml showed 
increased polymerization of cortical actin at 
adherens junctions (Fig. 3E). A similar but 
less pronounced effect was also found in 
RacV12-expressing cells. A role for Rac in 

actin polymerization at adherens junctions 
also was recently described in keratinocytes 
(18). Specific localization of Tiaml at adhe- 
rens junctions may lead to increased Rac- 
mediated, F-actin polymerization, which 
may facilitate firm association of the E- 
cadherin complex with the cortical actin 
cytoskeleton and thereby lead to increased 
cell-cell adhesion. 

An inverse relationship has been demon- 
strated between E-cadherin-mediated cell- 
cell adhesion and invasion (4-6). Indeed, 
control and C580Tiaml-expressing MDCKf3 

Fig. 2. Effects of RacV12 and Tiaml 
mutants in Ras-transformed MDCKf3 
cells. (A) Expression of various Tiaml 
constructs and RacV12 analyzed by 
immunoblotting total cell lysates with 
antibodies to HA and Myc epitopes. 
Lanes: 1, control; 2, C1199Tiaml; 3, 
C580Tiaml; 4, RacV12. (B) Phase- 
contrast images of transduced cell 
lines expressing C1199Tiam1, 
C580Tiam1, and RacV12. Magnifica- 
tion, x 100. (C) Quantification of ad- 
hesion of the MDCKf 3 cell lines deter- 
mined by dissociation assays and ex- 
pressed as number of particles (cell 
clusters) per total number of cells (Np/ 
Nc). Bars: 1, control; 2, C1199Tiaml; 
3, C580Tiaml; 4, RacV12. 
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cells seeded in collagen (19) grew in a dis- 
persed fashion and showed invasion through- 
out the matrix. In contrast, the C1199Tiaml- 
expressing MDCKf3 cells formed compact 
colonies without invading into the collagen as 

Fig. 3. Phenotypic reversion in MDCKf3 cells. 
Merged confocal images of cells expressing 
C580Tiaml (A) and C1199Tiaml (6 to D). 
C1199Tiaml (green) localized with F-actin (red in 6) 
and with E-cadherin (red in C) at sites of cell-cell 
contact. (D) HGF-induced scattering of 
C1199Tiaml -expressing MDCKf3 cells treated with 
DECMA-1 antibody. (E) C1199Tiaml -transduced 
MDCK2 cells were stained for F-actin and 
C1199Tiaml. Note enhanced F-actin staining at cell- 
cell junctions in C1199Tiaml -expressing cells com- 
pared with nonexpressing cells. Scale bars = 25 pm. 

a result of restored E-cadherin-mediated ad- 
hesion (Fig. 4). Cells expressing RacVl2 dis- 
played an intermediate phenotype and formed 
colonies with invasive cells at the periphery. 

Our results identify Tiaml as a protein 
that can modulate E-cadherin-mediated ad- 
hesion and are consistent with studies in ke- 
ratinocytes and D;osophila epithelium, which 
have implicated Rac in assembly of adherens 
junctions (18, 20). Both Tiaml and RacVl2 
induce invasion of T lymphoma cells (2, 3). 
Here we show that this effect may well be 
cell-type specific and that Tiaml and RacVl2 
suppress invasion in epithelial cells. These 
opposing effects ultimately may be the result 
of the same Tiaml-Rac-regulated phenome- 
non-that is, an increase in adhesive proper- 
ties of cells. Tiaml and Racl. similar to 
RhoA, promote integrin-mediated adhesion 
in different cell types (1, 21). In lymphoid 
cells, this might increase integrin-mediated 
heterotypic cell-cell and cell-matrix interac- 
tions, which could promote invasion of this 
cell type. In Ras-transformed epithelial cells, 
Tiaml-Rac signaling reverts the Ras pheno- 
type and inhibits invasion by increasing E- 
cadherin-mediated homomic cell-cell adhe- , L 

sion. These data suggest that the current mod- 
els, which indicate Rac as a downstream ef- 
fector of Ras in both tumorigenesis (22) and 
progression to metastatic disease (2, 3), may 
not be valid for epithelial cells. 
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