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Abstract

Cell migration and the regulation of cadherin-mediated homotypic cell±cell interactions are critical events during development,

morphogenesis and wound healing. Aberrations in signalling pathways involved in the regulation of cell migration and cadherin-
mediated cell±cell adhesion contribute to tumour invasion and metastasis. The rho family proteins, including cdc42, rac1 and rhoA,
regulate signalling pathways that mediate the distinct actin cytoskeleton changes required for both cellular motility and cell±cell

adhesion. Recent studies indicate that rac directly in¯uences rho activity at the GTPase level and that the reciprocal balance
between rac and rho activity can determine epithelial or mesenchymal cell morphology and migratory behaviour of epithelial
(tumour) cells. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Cadherin-mediated cell±cell adhesion of epithelial cells

The proper formation of adherens junctions is critical
in development, morphogenesis and the maintenance of
epithelial di�erentiation. Adherens junctions are regions
of the plasma membrane where E-cadherin molecules of
adjacent epithelial cells contact each other. Destabilisation
of these junctions contributes to invasion and metastasis
of epithelial tumour cells (see [1,2] and Fig. 1). Cadher-
ins comprise a superfamily of transmembrane glyco-
proteins with important roles in calcium-dependent
intercellular adhesion and signalling pathways. For
adhesion, it is essential that the cytoplasmic domain of
E-cadherin forms complexes with catenins, i.e. b-catenin,
g-catenin/plakoglobin and a-catenin (Fig. 1). a-Catenin
is related to vinculin and is thought to associate with
cytoskeleton components by direct interactions [3] or
indirectly via a-actinin [4]. b-Catenin is the vertebrate
homologue of the Drosophila segment polarity gene
Armadillo, which links cadherin to the cytoskeleton
through a-catenin [3,4], and participates in the wnt/
wingless signalling pathway [5,6]. g-Catenin/plakoglo-
bin not only associates with E-cadherin but is also
found in desmosomal junctions. In addition, a large

number of other proteins are involved in E-cadherin
mediated adhesion among those p60Src, the Src substrate
p120Cas also termed p120Ctn, IQGAP a downstream
e�ector of rac and cdc42, and the tumour suppressor
protein adenomatous polypolis coli (APC), which might
compete with E-cadherin for binding to b-catenin.

2. Functional cadherin-mediated cell±cell adhesions
suppress invasiveness

A change in the expression or structure of the cad-
herins or catenins leads to adherens junction-disassembly
and, as a consequence, to migratory and invasive cells.
E-cadherin deletion mutants which lack the catenin
binding region are unable to form functional adhesions,
whereas expression of mutants which lack the extra-
cellular domain act in a dominant-negative fashion and
disturb epithelial cell±cell adhesions [7±9]. Apparently,
the dominant-negative mutant competes with endogen-
ous E-cadherin in binding catenins, thus preventing
functional complex formation. Similarly, inactivation of
E-cadherin in MDCK cells by speci®c antibodies leads
to a loss of intercellular adhesion, a ®broblastoid mor-
phology and an invasive phenotype [10,11]. Biochemical
modi®cation of E-cadherin and associated proteins cor-
relates with the disassembly of functional E-cadherin
complexes. MDCK cells expressing oncogenic ras or the
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v-Src oncogene rapidly lose cell±cell contacts and
acquire a ®broblastoid morphology and invasive capa-
city. V-Src mediated tyrosine phosphorylation of cytos-
keletal components such as b-catenin, zonula occludens
(ZO)-1, ZO-2, ezrin, radixin and moesin may play a role
in destabilisation of the cell±cell adhesions. Phosphoryl-
ation of the E-cadherin/catenin complex and associated
cytoskeletal proteins may thus counteract junctional
assembly and thereby promote invasiveness and de-
di�erentiation of epithelial cells.

3. Cadherin-mediated cell±cell adhesions in human
tumours

Invasive carcinomas show reduced epithelial di�er-
entiation, particularly at the invasive fronts where the
cells in®ltrate into the surrounding stromal cells. The
loosening of intercellular adhesiveness is due to the
functional disturbance of E-cadherin-mediated cell±cell
contacts. Several mechanisms for the inactivation of
cadherin-mediated cell±cell adhesion have been pro-
posed in human cancer [1,2]. These include: down-
regulation of cadherin expression and mutations within
the gene; downregulation, mutation or deletion of cate-

nins; biochemical modi®cation by phosphorylation of
components in the cadherin complex; competitive pro-
tein interactions of components involved in the forma-
tion of stable adhesions, and more recently the
activation state of the small GTPases rac1 and rhoA.
The majority of epithelial tumours show reduced E-

cadherin expression in a heterogeneous manner and a
correlation between reduced E-cadherin expression, loss
of tumour di�erentiation and increased invasiveness has
been found, reviewed in [1,2]. These ®ndings are con-
sistent with the hypothesis that the inhibition of E-cad-
herin function enhances the release of cancer cells from
the primary site. Invasiveness of several carcinoma cell
lines was suppressed upon transfection of mouse E-
cadherin cDNA [11]. Moreover, in 50% of di�use type
human gastric carcinomas, mutations in E-cadherin
were found which a�ect the Ca2+-binding region [12].
Similar mutations of the E-cadherin gene have also been
demonstrated in human ovarian carcinomas [13], and
lobular breast cancer [14]. A normally expressed E-
cadherin might thus not be functional because of spe-
ci®c mutations. Since catenins are essential in functional
E-cadherin-mediated adhesions, histological studies
have been extended to catenin expression levels in
human tumours. For instance, in oesophageal and

Fig. 1. Cadherins are transmembrane glycoproteins which play important roles in calcium-dependent intercellular adhesion of epithelial cells. For

functional adhesion the cytoplasmic domain of E-cadherin forms complexes with catenins, i.e. b-catenin, g-catenin/plakoglobin and a-catenin. a-
Catenin is thought to associate with F-actin cytoskeleton components by direct interactions or indirectly via a-actinin. Loss of E-cadherin-mediated

adhesions is associated with invasive capacity of epithelial tumour cells.
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breast tumours the correlation of low a-catenin expres-
sion with de-di�erentiation and lymph-node metastasis
is even stronger than that of E-cadherin. In bladder
cancer, expression levels of a-, b- and g-catenins and
p120Ctn have similar prognostic values as found for E-
cadherin [15]. The importance of catenins in functional
complex formation is further illustrated by the ®ndings
that the adhesive properties of PC3 cells, which harbour
a null mutation in a-catenin, could be restored by
transfection with a-catenin cDNA [16].

4. Cadherins/catenins and cell signalling

Besides their roles in cell±cell adhesions, cadherins
and catenins have also been implicated in cell signalling.
Both E-cadherin and the colorectal cancer tumour sup-
pressor gene product (APC) are able to bind to b-catenin/
armadillo and regulate signalling cascades that deter-
mine tumour suppression, dorsal-ventral axis determi-
nation in Xenopus and segment polarity in Drosophila
[17,18]. b-Catenin associates with the lymphoid enhan-
cer binding factor (LEF1) and the Xenopus homologue
XTcf-3 [19,20]. This complex translocates to the nucleus
and leads to transcriptional activation. b-Catenin has
been shown to play an essential role in the transforma-
tion of colonic epithelium as well as in melanoma
development [21±23]. High levels of free b-catenin, as a
result of either mutations in APC or in b-catenin itself,
drive the formation of complexes with Tcf or Lef-1,
which lead to gene transcription. b-Catenin thus has at
least two functions: i.e. linking cadherin to the cytoske-
leton and participation in the transcriptional activation
of genes.

5. Rho-like GTPases

More recently, family members of the rho-like
GTPases have been implicated in the establishment and
maintenance of E-cadherin-mediated cell±cell adhesions
as well as in invasion and migration of epithelial tumour
cells. Like ras GTPases, rho-like GTPases cycle between
the active GTP-bound state and the inactive GDP-
bound state. Their activity is regulated by three classes
of proteins, i.e. guanine nucleotide exchange factors
(GEFs), GTPase activating proteins (GAPs) and gua-
nine nucleotide dissociation inhibitors (GDIs) [24,25].
Upon receptor stimulation, GEFs stimulate the
exchange of bound GDP for GTP leading to activation
of the rho-like GTPases. Only the active forms of the
GTPases bind downstream e�ectors thereby leading to
the transmission of receptor-induced signals [25]. GAPs
promote the inactivation of the GTPases by stimulating
the intrinsic GTP hydrolysis rate of rho-like proteins.
Association of rho-like proteins with GDIs can block

the exchange of GDP for GTP as well as the hydrolysis
of GTP and are thought to keep the GTPases in an
inactive form.
The most well known rho-like proteins, cdc42, rac1

and rhoA, participate in the formation of distinct pat-
terns of actin organisation and the assembly of integrin
complexes [26]. In ®broblasts, cdc42 regulates the for-
mation of focal complexes and actin-containing micro-
spikes or ®lopodia. Rac regulates the formation of focal
complexes, lamellipodia and membrane ru�es, for
instance upon stimulation of PDGF- or EGF tyrosine
kinase receptors. RhoA activation by the serum com-
ponent lysophosphatidic acid (LPA) regulates the for-
mation of actin ®lament bundles (stress ®bres) and the
assembly of focal contacts. In epithelial cells, rac and
rho also play a role in the establishment and main-
tenance of E-cadherin-mediated cell±cell adhesions. In
human keratinocytes and Madin Darby canine kidney
(MDCK) cells, dominant negative N17Rac and C3
transferase, the latter inactivates rhoA, have been found
to perturb the organisation of actin ®laments at sites of
cell±cell contact. The inactivation of rac or rho results in
the dislocation of E-cadherin and its complex members
from the adherens junctions leading to loss of cell±cell
adhesions [27,28]. Consistent with these observations
are the ®ndings that expression of constitutively active
V12Rac in MDCK cells leads to increased accumulation
of members of the E-cadherin complex and F-actin at
sites of cell±cell contact resulting in enhanced cell±cell
adhesions [29,30]. The GEF Tiam1, a speci®c activator
of rac [31,32], is localised to sites of cell±cell contact in
epithelial MDCK cells [29]. Overexpression of Tiam1
inhibits the hepatocyte growth factor (HGF)-induced
scatter response of MDCK cells, by increasing E-
cadherin-mediated cell±cell adhesion [29]. Moreover,
Tiam1-mediated rac activation reverts the oncogenic
ras-induced ®broblastoid phenotype of MDCK cells
into a non-invasive epithelioid phenotype by restoring
E-cadherin-mediated adhesions in these cells [29].
Increased rac signalling thus seems to suppress invasion
of epithelial cells by enhancing E-cadherin mediated
cell±cell adhesions.

6. Matrix-dependent signalling of rho-like proteins

The composition of the extracellular matrix can
in¯uence the adhesive or migratory response of cells.
For instance, epithelial bladder carcinoma cells show
a2b1 integrin-mediated migration on collagens but not
on ®bronectin or laminin substrates [33,34]. The con-
sequence of signalling by rho-like GTPases in T47D
mammary carcinoma cells is also determined by the
extracellular matrix. Expression of activated V12rac and
V12cdc42 in T47D cells stimulates a2b1-mediated
motility on collagen [35]. On a ®bronectin or laminin
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matrix, Tiam1-mediated rac activation restores E-
cadherin-mediated adhesion and inhibits migration of
V12ras-transformed MDCK cells, whereas on collagen
Tiam1 stimulates motility of these cells [30]. Thus, spe-
ci®c integrin signals determine whether cells respond to
rac activation by promoting either cell migration or
cell±cell adhesions [30]. These matrix-dependent e�ects
of rac signalling may explain the reported controversial
results with respect to rac-induced suppression or pro-
motion of migration [29,35]. Rac-mediated e�ects on
invasive and motile behaviour of epithelial cells appear
thus to depend on the balance between cell±cell and
cell±substrate interactions, which either suppress or
promote motility.

7. Cross-talk between rho-like proteins

The distinct rho-like GTPases act in concert to remo-
del the actin cytoskeleton in response to receptor sti-
mulation (Fig. 2). In most studies, the activation state of
cdc42, rac and rho, has been deduced from the appear-
ance of speci®c cytoskeletal changes in cells such as the
formation of ®lopodia, lamellipodia and stress ®bres,
respectively [36,37]. Recently, we have used biochemical
pull-down assays to monitor the direct activation state
of rac and cdc42, taking advantage of the speci®c bind-

ing of the downstream e�ector pak to GTP- but not
GDP-loaded rac and cdc42 [30,38±40]. Similarly the
activation state of rhoA can be determined by measur-
ing the binding of the rhoA-speci®c downstream e�ector
rhotekin [41] to GTP-bound rhoA [38,39,42]. Simulta-
neous analysis of rac and rho activities allows us to
address the relationship between the activation state of
both GTPases at the molecular level, and to get insight
into the regulation of rac- and rho-dependent signalling
pathways and phenotypes. Using these pull-down
assays we found that signalling by constitutively active
mutants of cdc42 and rac as well as platelet derived
growth factor (PDGF)-mediated activation of rac leads
to downregulation of endogenous rho activity in
NIH3T3 ®broblasts [39] (see also Fig. 2). While rac
activation leads to the inactivation of rho, receptor-
mediated or sustained activation of rho did not a�ect
rac activity, suggesting a unidirectional signalling from
rac to rho [39]. Similar studies in COS7 cells and epi-
thelial MDCK cells con®rmed that the downregulation
of rho activity by rac is a general phenomenon that
occurs in di�erent cell types. Rac and rho activation
may, thus be regulated by receptor mediated-signalling
as well as by signalling from rac to rho [39]. Moreover, a
cross-talk between these GTPases has been described at
the level of downstream pathways which regulate the
cytoskeleton [40,43,44].

Fig. 2. Rho-like GTPases, which include cdc42, rac1 and rhoA, are di�erentially regulated in response to receptor stimulation. Signals transduced

by integrin receptors, by tyrosine kinase receptors (TKR) such as the rac-linked receptor for platelet derived growth factor (PDGF), and by het-

erotrimeric G-protein receptors (GPR) such as the rho-linked receptor for lysophosphatidic acid (LPA), are able to activate small rho-like GTPases.

The GTPases act in concert to remodel the cytoskeleton. Cross-talk exists between these small GTPases through downstream signalling in which

cdc42 and rac can downmodulate rho activity. The epithelioid and ®broblastoid phenotype is determined by a balance between rac and rho activ-

ities, which are thought to be regulated locally at distinct sites at the cell membrane. Increased rac activity leads to decreased rho activity and a non-

invasive, epithelioid phenotype caused by an increase in the formation of cadherin-based functional cell±cell adhesions. In contrast, increased rho

activity is associated with a ®broblastoid phenotype characterised by disassembly of cadherin-based cell±cell adhesions and acquired invasive capacity.
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8. The balance between rac and rho activity determines
cellular morphology and migratory behaviour

Epithelial MDCK cells break up their cell±cell junc-
tions and scatter in response to hepatocyte growth
factor (HGF), which is the ligand of the c-Met proto-
oncogene transmembrane tyrosine kinase receptor [45].
HGF activates the small GTPase ras and both HGF-
and V12ras-induced membrane ru�ing and scattering
require rac activity [46±49]. However, activated V12rac
is not su�cient to induce cell scattering, in agreement
with the established role of rac in promoting cell±cell
adhesion. The failure of activated rac to induce cell
motility in MDCK cells indicates that HGF, in addi-
tion to rac, stimulates other signalling pathways to
induce scattering which includes the MAP-kinase
pathway [49]. Using pull-down assays we found that
HGF/cMet receptor stimulation leads to a transient
activation of rac but also to a prolonged activation of
rhoA (data not shown). This suggests that the di�er-
ential activation of rac and rho by HGF/cMet recep-
tor signalling may play an important role in the
induction of the migratory response. Biochemical ana-
lyses of the actual activities of the rho-like GTPases in
NIH3T3 ®broblasts support a model that rac and rho
signalling antagonise each other to control the cellular
phenotype and migratory behaviour (Fig. 2). The
activation of rac can lead to downregulation of rho
activity. Increased rac signalling by Tiam1 or V12Rac
results in inhibition of ®broblast migration and indu-
ces an epithelial-like morphology characterised by
increased cadherin-based cell±cell adhesion [39].
Restoration of rho activity in these Tiam1-expressing
cells by expression of constitutively active V14rho
results in a ®broblastoid phenotype associated with
migratory behaviour [39].
Taken together, in addition to changes in expression

or mutations in E-cadherin and molecules involved in
cadherin-based adhesions, recent data indicate that the
reciprocal balance between rac and rho activity may
also determine the cellular phenotype and migratory
behaviour in epithelial MDCK cells and NIH3T3 ®bro-
blasts. Oncogene- and growth factor-induced signalling
as well as integrin-mediated cell interactions with dif-
ferent matrix components may in¯uence the activity
state of rac and rho proteins locally and thereby reg-
ulate epithelial-mesenchymal transition and migratory
behaviour of epithelial (tumour) cells.
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