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The family members of small Rho-like GTPases, RhoA, Racl and Cdc42Hs, are regulators of diverse
cellular signalling pathways, including cytoskeletal organisation, transcription and cell-cycle pro-
gression. Recent research has given insight into the complex regulation of cell-cell adhesion and
migratory responses of epithelial cells. The Rho-like GTPases RhoA, Racl and Cdc42Hs as major
determinants of cytoskeletal organisation have been identified as key regulators of epithelial
architecture, as well as of cell migration. These findings highlight the complex regulation and cross-
talk of GTPase-dependent signalling pathways arising from cell-cell and cell-matrix interactions. The
molecular mechanism of how Rho-like GTPases couple to molecules mediating either cell-cell adhe-
sion or cell migration will be of particular interest to understand the invasive phenotype of epithelial
tumours. © 1999 Elsevier Science Ltd. All rights reserved.
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Rho-like GTPases

RHO-LIKE GTPases AS ORGANISERS OF THE

CELLULAR CYTOSKELETON
CELL MIGRATION is an essential process during, for instance,
development and wound healing. Aberrations in signalling
pathways involved in the regulation of cell migration, cell-cell
and cell-matrix interactions contribute to tumour invasion
and metastasis. The regulation of cytoskeletal changes asso-
ciated with migratory behaviour of cells has recently become
focused on the family of small Rho-like GTPases. Cdc42Hs,
Racl and RhoA regulate signal transduction pathways that
mediate distinct cytoskeletal rearrangements required for
cellular motility [1]. In quiescent Swiss 3T3 fibroblasts, acti-
vation of RhoA is linked to the assembly of stress fibres and
focal adhesions [2], whereas activation of Cdc42Hs and Racl
results in the formation of filopodia and lamellipodia,
respectively [3-5]. Formation of such cytoskeletal structures
often correlates with cell migration. The cytoskeletal changes
induced by constitutively active V12Cdc42Hs and V12Racl
are also associated with cell spreading and the formation of
focal complexes, specific integrin-based adhesion complexes
[5-7]. Besides these direct effects on the cytoskeleton, Rho-
like proteins are involved in transcriptional activation, endo-
and exocytotic pathways, cell-cycle progression, oncogenic
transformation and metastasis formation. Signalling pathways
implicated in these processes have recently been extensively
reviewed [1, 8, 9].

Similar to Ras proteins, Rho-like GTPases function as
molecular switches by cycling between an active GTP-bound
state and an inactive GDP-bound state (Figure 1). The
function of this switch is the regulated transmission of a sig-
nal perceived upon receptor stimulation of the cell to a
downstream signalling pathway. This is achieved by the
selective binding of the active GTPase to a downstream
effector protein. Guanine nucleotide exchange factors
(GEFs) stimulate the exchange of bound GDP for GTP
leading to activation of the GTPases and binding of down-
stream effectors, thereby leading to transmission of the signal.
GTPase-activating proteins (GAPs) promote inactivation of
the GTPases by stimulating the intrinsic GTP-hydrolysis rate
of Rho-like proteins. Guanine nucleotide dissociation inhibi-
tors (GDIs) can block the exchange of GDP for GTP as well
as the hydrolysis of GTP, as has been shown for Rho GDI [8].

GEFs are characterised by the catalytic Dbl-homology
(DH) domain, which is C-terminally flanked by a Pleckstrin-
homology (PH) domain. PH domains have been implicated
in binding to specific phosphoinositol lipids, as well as to
proteins [10]. In addition to the DH-PH combination, many
GEFs contain other domains (e.g. SH2-, SH3-, PDZ
domains) that are commonly found in signalling molecules,
allowing them to assemble in multimolecular signalling
complexes.

RHO-LIKE GTPases MEDIATE CELL-CELL
ADHESION

Epithelial organisation

Epithelial cells are characterised by the formation of a cel-
lular monolayer, consisting of densely packed cells with pro-
nounced intercellular contacts. Epithelial tissues fulfil a
barrier function, e.g. by limiting diffusion of soluble, inter-
cellular components as well as regulating the passage of lym-
phoid cells. The strong cell-cell contacts of epithelial cells are
based on two types of apical intercellular junctions, the
zonula adherens [11] and the zonula occludens junction [12].
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Zonula adherens junctions are based on cadherin-mediated
cell-cell adhesion, whereas zonula occludens junctions are
formed by tight junctional proteins including the transmem-
brane protein occludin and the cytoplasmic plaque proteins
Z0O-1 and ZO-2. Cadherin family members carry a large
extracellular domain, a short transmembrane domain and a
cytoplasmic tail. The extracellular domain is composed of five
cadherin repeats that are involved in mediating the calcium-
dependent homophilic cell-cell adhesion, whereas the cyto-
plasmic tail interacts with members of the catenin family. In
adherens junctions, cadherins are complexed with B-catenin
(or y-catenin) and o-catenin, thereby linking the cadherins to
the F-actin cytoskeleton. Catenins are structurally important
as part of the cadherin complex, but play a similar important
role in cellular signalling [13]. The typical cadherin present in
epithelial cells is E-cadherin and loss or mutations of E-cad-
herin or its associated complex members are often associated
with metastasis of epithelial tumours [14, 15]. E-cadherin has
been recognised as an invasion suppressor molecule, as re-
expression of E-cadherin in tumours lacking this molecule
reconstituted E-cadherin-mediated cell-cell adhesion and
consequently inhibited motility and invasion of these tumour
cells [16,17]. Moreover, loss of E-cadherin was found to be
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Figure 1. Rho-like GTPases as regulators of cellular signalling
pathways. Rho-like GTPases function as molecular switches
by cycling between an active GTP-bound and an inactive
GDP-bound state. Activation results in the transmission of a
signal perceived after receptor stimulation by binding to a
downstream effector protein that further communicates with
different signalling pathways controlling, for example, cytos-
keleton organisation, activation of transcription and cell-cycle
progression.
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causal for the transition from adenomas to carcinomas [18],
substantiating the importance of E-cadherin-mediated cell-
cell adhesion for the epithelial architecture.

Formation of intercellular contacts depends on the activity of
Rho-like proteins

Recently, family members of the Rho-like GTPases have
been recognised to be required for the maintenance of the
cytoskeletal organisation of fully differentiated epithelia. In
human keratinocytes and Madin-Darby canine kidney cells
(MDCK), dominant-negative N17Rac as well as C3 trans-
ferase, which inactivates RhoA by ADP-ribosylation on Asn*!
[19], have been found to perturb the organisation of actin
filaments at sites of cell-cell adhesion. Inactivation of Rac or
Rho results in dislocation of E-cadherin and its complex
members from the adherens junctions [20-23]. The effi-
ciency of dominant-negative mutants of Rho-like GTPases in
perturbing the architecture of adherens junctions varies with
respect to the maturation state of cell-cell contacts and to the
cell type [24]. In MDCK cells, expression of constitutively
active V12Rac leads to increased accumulation of members
of the E-cadherin complex and F-actin at sites of cell-cell
adhesion [21,25]. The GEF Tiaml, a specific activator of
Rac [26,27], is localised to sites of cell-cell contact in
MDCK cells, and inhibits the hepatocyte growth factor
(HGF)-induced scatter response of MDCK cells, which is
due to an increase in E-cadherin-based cell-cell contacts
[25]. Moreover, activation of Rac is able to induce E-cadherin-
mediated cell-cell adhesion in transformed epithelial cells.
Tiam1l-mediated activation of Rac restores the epithelial
morphology of fibroblastoid, Ras-transformed MDCK-f3
cells, thereby inhibiting motility and invasion [25, 28]. Taken
together, these data implicate in particular Rac in the forma-
tion and maintenance of epithelial morphology.

Rho-like GTPases play a role in the structural integrity of
adherens junctions. As discussed above, inhibition of endo-
genous Rac and Rho function affects the architecture of
adherens junctions and their marker protein E-cadherin, but
has no effect on desmosome morphology (desmoplakin) in
keratinocytes [20]. In addition, inactivation of endogenous
GTPases as well as mutant GTPases interfere with tight
junctional morphology and fence function, when measuring
transepithelial resistance [21,29,30]. Functional activity of
the Rac and Rho protein is thus required for the integrity of
both tight junctions and adherens junctions.

The role of the third Rho family member, Cdc42Hs, in the
formation of cell-cell junctions appears less clear. In MDCK
cells, Cdc42 mutants do not affect the localisation of E-cad-
herin [21]. Similarly, activated V12Cdc42 is unable to restore
an epithelial phenotype in fibroblastoid Ras-transformed
MDCK-f3 cells (our unpublished results). However, from a
similar localisation of activated V12Cdc42 and V12Rac to
cell-cell contacts in MDCK cells, a role for Cdc42 in the
formation of adherens junctions has been suggested [31].
In cervical carcinoma HtTA-1 Hela cells, expression of
V12Cdc42 partly suppresses the transformed phenotype by
inducing cell-cell contacts resembling typical adherens junc-
tions that accumulate N-cadherin and F-actin. V12Rac
induces a distinct type of adherens junctions, characterised by
intermingled lateral membranes that are similarly enriched in
N-cadherin and its associated complex members [32]. At
present it is not clear if Cdc42 exerts these effects on cell—cell
adhesion directly or indirectly via the activation of Rac [2]. In
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the Drosophila wing disc epithelium, Dcdc42 is required for
processes involving polarised cell shape changes during pupal
and larval development, as well as for the apico-basal elon-
gation of epithelial cells in later larval stages [33]. This is in
agreement with a role for Cdc42 in establishing cell polarity,
as has been found for yeast mating [34], T-cell polarisation
[35] and chemotaxis of macrophages [36]. Recently, Cdc42
has been shown to control secretory and endocytotic trans-
port to the basolateral plasma membrane of epithelial MDCK
cells [37]. It thus appears that Cdc42 is crucial for the estab-
lishment and maintenance of cell polarity.

Downstream targets

The mechanism of how Rho-like GTPases influence cell-
cell adhesion remains to be elucidated. Among the target
molecules for Cdc42 and Rac that have been identified so far,
only IQGAP1, a downstream effector for Rac and Cdc42
[38-40], has been reported to localise to adherens junctions
in MDCK cells. IQGAP1 is associated with the E-cadherin
complex, by binding to E-cadherin and B-catenin [41], and
directly binds actin filaments [42,43]. GTP-loaded Cdc42
enhances the actin filament crosslinking activity of IQGAP1
by promoting oligomerisation of IQGAP1 [43]. By con-
comitant crosslinking of actin and binding to the E-cadherin
complex, IQGAP1 could represent a GTPase-regulated link
between molecules mediating cell-cell adhesion and the cor-
tical cytoskeleton. Other Rac and Cdc42 target molecules
such as PAK and WASP have been implicated in the organi-
sation of the actin cytoskeleton [44—47], but so far no data
are available with respect to their role in epithelial cell-cell
adhesion. Similarly, there is no information available yet
about the role of known RhoA downstream effectors [9] in
intercellular adhesion.

V12Rac- or Tiaml-induced cell-cell adhesions are char-
acterised by strong accumulation of F-actin at the sites of
cell—cell contact [20,21,25,28]. The recruitment of F-actin
to artificially clustered cadherin complexes has been shown to
require Rac but not Rho proteins [20]. This recruitment of F-
actin depends on prior clustering of cadherin receptors at
sites of cell-cell contact in keratinocytes [24]. Alternatively,
Tiaml-mediated Rac activation induces functional E-cad-
herin-mediated cell-cell adhesion in transformed MDCK
cells, which is accompanied by strong accumulation of F-
actin at sites of cell-cell contact [25,28]. Although the exact
order of events in the formation of adhesive contacts appears
unclear, this indicates that Rac-mediated polymerisation of
cortical F-actin is central to Rac-induced cell-cell adhesion.
Rac-dependent actin polymerisation in lamellipodia and
membrane ruffles has been shown to require PI3-kinase
[2,48,49]. Tiaml-mediated activation of Rac and the
induction of cell-cell adhesion in transformed MDCK cells is
also dependent on PI3-kinase activity [28], suggesting that
similar regulatory mechanisms participate in actin poly-
merisation at cell-cell contacts and in the formation of
lamellipodia required for cell migration.

RHO-LIKE GTPases IN EPITHELIAL CELL
MIGRATION AND INVASION
Signalling nerworks of Rho-like proteins
Rho-like GTPases have not only been shown to regulate
epithelial cell-cell adhesion, but have also been implicated in
migratory responses of epithelial cells. RhoA seems to play a
dual role with respect to epithelial cell-cell adhesion and
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motility. V12Ras-transformed mammary epithelial cells exhi-
bit high levels of RhoA activity, as demonstrated by increased
phosphorylation of the myosin light chain and analysis of
stress fibre and focal adhesion formation [22]. Consequently,
inhibition of endogenous Rho activity results in inhibition of
the motile phenotype of these transformed mammary epithe-
lial cells, by inhibiting formation of focal contacts and Rho-
mediated contraction. Inhibition of RhoA activity only partly
restores the normal epithelial phenotype [22], reflecting the
requirement of Rho activity for the establishment and main-
tenance of epithelial cell-cell contacts [20-22]. This indicates
that Rho activity is required for both the maintenance of epi-
thelial cell-cell contacts and migration of epithelial cells.

The apparent upregulation of RhoA activity by oncogenic
V12Ras [22] raises questions about the crosstalk of Ras and
Rho-like GTPases in normal and malignant cells. Successful
transformation by oncogenic Ras requires Rho activity, as
Rho suppresses induction of the cyclin-dependent-kinase
inhibitor p21WAFUCipl and thereby allows Ras-induced DNA
synthesis and entry into S-phase [50]. Similarly important for
the determination of the cellular phenotype is the crosstalk
between Rac and Rho proteins. Using biochemical activity
assays to determine the activation state of Rho-like GTPases,
we found that constitutive activation of Rac results in down-
regulation of Rho activity in fibroblasts and MDCK cells.
Rac-induced inactivation of Rho is associated with a non-
migratory phenotype in fibroblasts. The balance of Rac and
Rho activities seems thus to determine the epithelioid or
migratory phenotype (E.E. Sander, The Netherlands Cancer
Institute, Amsterdam, The Netherlands).

Epithelial MDCK cells break up their cell-cell junctions
and scatter in response to HGF, which is the ligand of the
c-met proto-oncogene transmembrane tyrosine kinase recep-
tor [51,52]. HGF activates the small GTPase Ras by
increasing the levels of bound GTP [53]. Both HGF and
V12Ras-induced membrane ruffling and lamellipodia forma-
tion require Rac activity [54]. However, activated V12Rac is
not sufficient to induce cell scattering, in agreement with the
established role of Rac in promoting cell-cell adhesion (see
above). The failure of activated Rac to induce cell motility in
MDCK cells indicates that HGF in addition to Rac stimu-
lates other signalling pathways to induce cell scattering. This
pathway has been identified as the MAPK pathway [55],
consistent with a role of MAPK in carcinoma cell migration
[56]. HGF-induced motility of MDCK cells furthermore
requires PI3-kinase activity [57], which is most likely acting
downstream of Ras and upstream of Rac [28], similar to
PDGF-mediated Rac activation in fibroblasts [48,49]. In
T47D mammary carcinoma cells, activated V12Rac and
V12Cdc42 stimulates motility on collagen, requiring PI3-
kinase and the integrin o,fB; [58]. The integrin o634 has been
shown to activate PI3-kinase and to stimulate invasion of
colon carcinoma cells. Rac is required downstream of PI3-
kinase for cell motility [59]. Similarly, Tiam1-mediated acti-
vation of Rac and migration of Ras-transformed MDCK cells
on collagen substrates requires PI3-kinase activity acting
upstream of the GEF Tiam1 and Rac [28]. Furthermore, Rac
has been found downstream of integrin signalling in fibro-
blasts [60] and lymphoid Jurkat cells [7]. In integrin B1
knockout neuroepithelial cells, re-expression of f1 results in
cell scattering and activation of both Racl and RhoA (C.
Gimond, The Netherlands Cancer Institute, Amsterdam).
Similarly, HGF-induced cell migration of MDCK cells is
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preceded by transient activation of both Rac and Rho
GTPases, whereby HGF-induced signalling towards Racl,
but not Rho, is PI3-kinase sensitive (E.E. Sander, The
Netherlands Cancer Institute, Amsterdam, The Nether-
lands). It thus appears that the activation of integrin extra-
cellular matrix receptors as well as growth factor stimulation
can lead to activation of both Rac and Rho GTPases, result-
ing in (epithelial) cell migration. This activation pattern of
Rac and Rho proteins furthermore suggests that the balance
of Rac and Rho activities determines the epithelial or
mesenchymal phenotype of epithelial cells.

Matrix-dependent signalling of Rho-like proteins

The composition of the extracellular matrix can contribute
to the regulation of these different cellular responses with
respect to GTPase signalling, cell-cell adhesion or migration
in epithelial cells. Epithelial bladder carcinoma cells show
migratory behaviour, mediated by the integrin a,f3;, on col-
lagens but not on fibronectin or laminin substrates [61, 62].
On a fibronectin or laminin 1 matrix, Tiam1-mediated acti-
vation of Rac reverts the transformed phenotype and inhibits
migration of MDCK-f3 cells, due to restoration of E-cad-
herin adhesions. In contrast, on collagen substrates, Tiam1-
mediated activation of Rac stimulates motility of these cells.
Thus, integrin signalling by the extracellular matrix deter-
mines the cellular response towards Rac activation in epithe-
lial cells, which is either inhibition or promotion of migration
[28]. These matrix-dependent effects of Rac signalling may
explain the reported controversial results with respect to Rac-
induced suppression or promotion of migration (Figure 2).

In non-migratory MDCK-f3 cells, the GEF Tiaml is
localised to sites of cell-cell contact, whereas the protein is
associated with membrane ruffles and lamellae in migratory
cells on collagen. In spite of the substrate-dependent locali-
sation of the Rac activator Tiaml, Tiaml-mediated activa-
tion of Rac is substrate-independent [28], suggesting that
localisation and/or composition of the Rac signalling complex
is differentially regulated by the cell substrate. Migration of
pancreatic carcinoma cells on collagen is mediated by assem-
bly of a signalling complex containing the adaptor proteins
p130CAS (Crk-associated substrate) and Crk. Formation of
this complex is similarly observed in a subpopulation of these
cells that have been selected for migration on vitronectin.
Expression of p130©AS is sufficient to promote Rac-depen-
dent migration and localisation of this complex to membrane
ruffles in Cos cells [63]. Kiyokawa and colleagues [64] have
shown that the assembly of a complex containing p180POCK,
p130©4S and Crk results in activation of Rac, as shown by
GTP-loading of the GTPase. This suggests that proteins with
adaptor function assemble (different) Rac signalling com-
plexes and are involved in their targeting to specific intracel-
lular locations. In addition, integrin signalling might
positively or negatively cooperate with Rac-dependent path-
ways required either for migration or adhesion. The cell-type
specific expression pattern of integrins most likely accounts
for different cellular responses with respect to a migratory
phenotype, due to different or overlapping substrate specifi-
cities and signalling properties of integrins [65].

Crucial for integrin-mediated migratory responses is the
proteolytic breakdown of the cell substrate, and tumour cells
often harbour increased or altered metalloprotease produc-
tion and secretion [66]. In fibroblasts, constitutively active
V12Rac induces the production of collagenase-1 (MMP1) via
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Figure 2. Cell-matrix interactions determine Rac-mediated
effects on E-cadherin-based cell-cell adhesion and cell
migration in epithelial tumour cells. Activation of Rac on
fibronectin or laminin 1 promotes the formation of E-cad-
herin-mediated adhesions and results in inhibition of migra-
tion in transformed MDCK cells. In contrast, collagen
substrates contribute to the disassembly of E-cadherin-based
cell-cell contacts and synergise with Rac signalling to stimu-
late cell motility.

a NFkB/interleukin 1a-dependent pathway [67]. This finding
strengthens the importance of Rho-like proteins in the induc-
tion and control of cellular migration. The intimate control of
molecules involved in cell-cell adhesion and migration is
demonstrated by the cleavage of E-cadherin by the matrix
metalloprotease stromelysin-1, as has been found in mam-
mary epithelial cells [68]. Synthetic peptides of E-cadherin,
containing the HAV (histidine—alanine—valine) sequence that
is crucial for homophilic adhesions, and E-cadherin fragments
present in conditioned medium can induce invasion of epi-
thelial cells, suggesting that E-cadherin fragments generated
by proteolysis may harbour signalling function and thereby
stimulate invasion of E-cadherin-expressing cells [69].

FUTURE RESEARCH DIRECTIONS

Recent research has accomplished important insight into
the complex relationship between cell-cell and cell-substrate
interactions and their signalling properties. Family members
of the Rho-like GTPases have been identified as regulators of
both cell-cell adhesion and cell migration in epithelial cells.
The mechanistic link of how Rho-like proteins couple to
cadherin-mediated adhesion is still unknown. The identifi-
cation of d-catenin in adherens junctions points to the com-
plexity of the control of cell-cell adhesion. d-catenin has been
found to associate with cadherin thereby negatively modulating
cell—cell adhesion and promote cell scatterings. The regulatory
mechanism underlying the structural and signalling function
of Rho-like proteins will become a challenging line of
research. It becomes clear now that the integration of many
incoming signals, received from cell-cell, cell-substrate and
classical growth factor receptors, is required to elicit migra-
tory responses. This will include identification of often cell-
type specific signalling pathways from integrins and cadherins
which are linked by Rho-like GTPases. Research will focus
especially on the crosstalk between these adhesion and sig-
nalling molecules, as the cellular phenotype appears to be
determined by a balance composed of integrated, different
signalling pathways. Signalling by the Ras GTPase requires
cytoskeletal and transcriptional changes that are mediated by
Rho-like GTPases [22,50,54,71,72]. Unravelling mechan-
isms of cellular transformation by oncogenic Ras will require
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the dissection of potentially altered signalling pathways from
oncogenic Ras to Rho-like proteins. The recently developed
biochemical activity assays for GTP-bound Rho-like GTPa-
ses [28,73] will provide new avenues to dissect different
activation patterns of these proteins and to gain insight into
their crosstalk. Also the effects of Rho proteins on gene
expression, e.g. production and secretion of matrix metallo-
proteases, proliferation and loss of contact inhibition, need to
be addressed. Normal morphogenic and developmental pro-
cesses require co-ordinated movement of cells, which is
deregulated in tumour cells. Therefore, elucidating the com-
plex network of different receptor signalling in normal and
tumorigenic cells is central to the development of novel cancer
therapies for metastatic carcinomas.

1. Hall A. Rho GTPases and the actin cytoskeleton. Science 1998,
279, 509-514.

2. Ridley AJ, Hall A. The small GTP-binding protein Rho reg-
ulates the assembly of focal adhesions and actin stress fibers in
response to growth factors. Cell 1992, 70, 389-399.

3. Ridley AJ, Paterson HF, Johnston CL, Diekmann D, Hall A.
The small GTP-binding protein Rac regulates growth factor-
induced membrane ruffling. Cell 1992, 70, 401-410.

4. Kozma R, Ahmed S, Best A, Lim L. The Ras-related protein
Cdc42Hs and bradykinin promote formation of peripheral actin
microspikes and filopodia in Swiss 3T3 fibroblasts. Mol Cell Biol
1995, 15, 1942-1952.

5. Nobes CD, Hall A. Rho, Rac, and Cdc42 GTPases regulate the
assembly of multimolecular focal complexes associated with actin
stress fibers, lamellipodia, and filopodia. Cell 1995, 81, 53-62.

6. Van Leeuwen FN, van der Kammen RA, Habets GGM, Collard
JG. Oncogenic activity of Tiam1 and Racl in NIH3T3 cells.
Oncogene 1995, 11, 2215-2221.

7. D’Souza-Schorey C, Boettner B, van Aelst L. Rac regulates
integrin-mediated spreading and increased adhesion of T lym-
phocytes. Mol Cell Biol 1998, 18, 3936-3946.

8. Van Aelst L, D’Souza-Schorey C. Rho GTPases and signaling
networks. Genes Dev 1997, 11, 2295-2322.

9. Tapon N, Hall A. Rho, Rac and Cdc42 GTPases regulate the
organization of the actin cytoskeleton. Curr Opin Cell Biol 1997,
9, 86-92.

10. Shaw G. The pleckstrin homology domain: an intriguing multi-
functional protein module. Bioessays 1996, 18, 35-46.

11. Geiger B, Ayalon O. Cadherins. Annu Rev Cell Biol 1992, 8,
307-332.

12. Mitic LL, Anderson JM. Molecular architecture of tight junc-
tions. Annu Rev Physiol 1998, 60, 121-142.

13. Barth AI, Nithke IS, Nelson WJ]. Cadherins, catenins and APC
protein: interplay between cytoskeletal complexes and signaling
pathways. Curr Opin Cell Biol 1997, 9, 683-690.

14. Birchmeier W, Behrens J. Cadherin expression in carcinomas:
role in the formation of cell junctions and the prevention of
invasiveness. Biochem Biophys Acta 1994, 1198, 11-26.

15. Berx G, Becker KF, Hofler H, van Roy F. Mutations of the
human E-cadherin (CDH1) gene. Hum Mutar 1998, 12, 226-237.

16. Vleminckx K, Vakaet L, Mareel M, Fiers W, van Roy F. Genetic
manipulation of E-cadherin expression by epithelial tumor cells
reveals an invasion suppressor role. Cell 1991, 66, 107-119.

17. Frixen UH, Behrens J, Sachs M, er al. E-cadherin-mediated
cell-cell adhesion prevents invasiveness of human carcinoma
cells. ¥ Cell Biol 1991, 113, 173-185.

18. Perl A-K, Wilgenbus P, Dahl U, Semb H, Christoferi G. A
causal role for E-cadherin in the transition from adenoma to
carcinoma. Nature 1998, 392, 190-193.

19. Narumiya S, Morii N. Rho gene products, botulinum C3
exoenzyme and cell adhesion. Cell Signal 1993, 5, 9-19.

20. Braga VMM, Machesky LM, Hall A, Hotchin NA. The small
GTPases Rho and Rac are required for the establishment of
cadherin-dependent cell-cell contacts. ¥ Cell Biol 1997, 137,
1421-1431.

21. Takaishi K, Sasaki T, Kotani H, Nishioka H, Takai Y. Regula-
tion of cell-cell adhesion by Rac and Rho small G proteins in
MDCK cells. ¥ Cell Biol 1997, 139, 1047-1059.



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Rho-like GTPases

Zhong C, Kinch MS, Burridge K. Rho-stimulated contractility
contributes to the fibroblastic phenotype of Ras-transformed
epithelial cells. Mol Biol Cell 1997, 8, 2329-2344.

Jou T-S, Nelson JW. Effects of regulated expression of mutant
RhoA and Racl small GTPases on the development of epithelial
(MDCK) cell polarity. ¥ Cell Biol 1998, 142, 85-100.

Braga VMM, Del Maschio A, Machesky LM, Dejana E. Reg-
ulation of cadherin function by Rho and Rac: modulation by
junction maturation and cellular context. Mol Biol Cell 1999, 10,
9-22.

Hordijk PL, ten Klooster JP, van der Kammen RA, Michiels F,
Oomen LCJM, Collard JG. Inhibition of invasion of epithelial
cells by Tiam1-Rac signaling. Science 1997, 278, 1464-1466.
Habets GGM, Scholtes EHM, Zuydgeest D, ez al. Identification
of an invasion-inducing gene, Tiam-1, that encodes a protein
with homology to GDP-GTP exchangers for Rho-like proteins.
Cell 1994, 77, 537-549.

Michiels F, Habets GGM, Stam JC, van der Kammen RA,
Collard JG. A role for Rac in Tiam1-induced membrane ruffling
and invasion. Nature 1995, 375, 338-340.

Sander EE, van Delft S, ten Klooster JP, et al. Matrix-dependent
Tiam1/Rac signaling in epithelial cells promotes either cell-cell
adhesion or cell migration and is regulated by phosphatidylino-
sitol 3-kinase. ¥ Cell Biol 1998, 143, 1385-1398.

Nusrat A, Giry M, Turner JR, ez al. Rho protein regulates tight
junctions and perijunctional actin organization in polarized epi-
thelia. Proc Natl Acad Sci USA 1995, 92, 10629-10633.

Jou T-S, Schneeberger EE, Nelson JW. Structural and func-
tional regulation of tight junctions by RhoA and Racl small
GTPases. ¥ Cell Biol 1998, 142, 101-115.

Kuroda S, Fukata M, Fujii K, Nakamura T, Izawa I, Kaibuchi
K. Regulation of cell-cell adhesion of MDCK cells by Cdc42
and Racl small GTPases. Biochem Biophys Res Commun 1997,
240, 430-435.

Stoffler H-E, Honnert U, Bauer CA, et al. Targeting of the myo-
sin-I myr 3 to intercellular adherens type junctions induced by
dominant active Cdc42 in HeLa cells. ¥ Cell Sci 1998, 111, 2779—
2788.

Eaton S, Auvinen P, Luo L, Jan YN, Simons K. Cdc42 and
Racl control different actin-dependent processes in the Droso-
phila wing disc epithelium. ¥ Cell Biol 1995, 131, 151-164.
Cabib E, Drgonova J, Drgon T. Role of small G proteins in
yeast cell polarization and wall biosynthesis. Annu Rev Biochem
1998, 67, 307-333.

Stowers L, Yelon D, Berg L], Chant J. Regulation of the polar-
ization of T cells toward antigen-presenting cells by Ras-related
GTPase Cdc42. Proc Natl Acad Sci USA 1995, 92, 5027-5031.
Allen WE, Zicha D, Ridley AJ, Jones GE. A role for Cdc42 in
macrophage chemotaxis. ¥ Cell Biol 1998, 141, 1147-1157.
Kroschewski R, Hall A, Mellman I. Cdc42 controls secretory
and endocytotic transport to the basolateral plasma membrane
of MDCK cells. Nature Cell Biol 1999, 1, 8-13.

Hart M]J, Callow MG, Souza B, Polakis P. IQGAP1, a calmo-
dulin-binding protein with a rasGAP-related domain, is a
potential effector for Cdc42Hs. EMBO ¥ 1996, 15, 2997-3005.
McCallum SJ, Wu WJ, Cerione RA. Identification of a putative
effector for Cdc42Hs with high sequence similarity to the Ras-
GAP-related protein IQGAP1 and a Cdc42Hs binding partner
with similarity to IQGAP2. ¥ Biol Chem 1996, 271, 21732-21737.
Brill S, Li S, Lyman CW, ez al. The Ras GTPase-activating-
protein-related human protein IQGAP2 harbors a potential
actin binding domain and interacts with calmodulin and Rho
family GTPases. Mol Cell Biol 1996, 16, 4869—4878.

Kuroda S, Fukata M, Nakagawa M, et al. Role of IQGAPI1, a
target of the small GTPases Cdc42 and Racl, in regulation of E-
cadherin-mediated cell-cell adhesion. Science 1998, 281, 832—
835.

Bashour AM, Fullerton AT, Hart M]J, Bloom GS. IQGAPI, a
Rac- and Cdc42-binding protein, directly binds and cross-links
microfilaments. ¥ Cell Biol 1997, 137, 1555-1566.

Fukata M, Kuroda S, Fujii K, et al. Regulation of cross-linking
of actin filament by IQGAP1, a target for Cdc42. ¥ Biol Chem
1997, 272, 29579-29583.

Symons M, Derry JM, Karlak B, et al. Wiskott-Aldrich syn-
drome protein, a novel effector for the GTPase Cdc42Hs, is
implicated in actin polymerization. Cell 1996, 84, 723—-734.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

64.

65.

66.

67.

68.

1307

Miki H, Sasaki T, Takai Y, Takenawa T. Induction of filopo-
dium formation by a WASP-related actin-depolymerizing pro-
tein N-WASP. Nature 1998, 391, 93-96.

Manser E, Huang HY, Loo TH, et al. Expression of con-
stitutively active alpha-PAK reveals effects of the kinase on actin
and focal complexes. Mol Cell Biol 1997, 17, 1129-1143.

Sells MA, Knaus UG, Bagrodia S, Ambrose DM, Bockoch GM,
Chernoff J. Human p21-activated kinase (Pakl) regulates actin
organization in mammalian cells. Curr Biol 1997, 7, 202-210.
Wennstrom S, Hawkins P, Cooke F, et al. Activation of phos-
phoinositide 3-kinase is required for PDGF-stimulated mem-
brane ruffling. Curr Biol 1994, 4, 385-393.

Hawkins PT, Eguinoa A, Qiu R-G, ez al. PDGF stimulates an
increase in GTP-Rac via activation of phosphoinositide 3-
kinase. Curr Biol 1995, 5, 393-403.

Olson MF, Paterson HF, Marshall CJ. Signals from Ras and
Rho GTPases interact to regulate expression of p21WAF/Cipl
Nature 1998, 394, 295-299.

Bottaro DP, Rubin JS, Faletto DL, et al. Identification of the
hepatocyte growth factor receptor as the c-met proto-oncogene
product. Science 1991, 251, 802-804.

Naldini L, Vigna E, Narsimhan R, er al. Hepatocyte growth
factor (HGF) stimulates the tyrosine kinase activity of the
receptor encoded by the proto-oncogene c-MET. Oncogene
1991, 6, 501-504.

Graziani A, Gramaglia D, da la Zonca P, Comoglio PM. Hepa-
tocyte growth factor/scatter factor stimulates the ras-guanine
nucleotide exchanger. ¥ Biol Chem 1993, 268, 9165-9168.
Ridley AJ, Comoglio PM, Hall A. Regulation of scatter factor/
hepatocyte growth factor responses by Ras, Rac and Rho in
MDCK cells. Mol Cell Biol 1995, 15, 1110-1122.

Potempa S, Ridley AJ. Activation of both MAP kinase and
phosphatidylinositide 3-kinase by Ras is required for hepatocyte
growth factor/scatter factor-induced adherens junction dis-
assembly. Mol Biol Cell 1998, 9, 2185-2200.

Klemke RL, Giannini AL, Gallagher PJ, de Lanerolle P, Cher-
esh DA. Regulation of cell motility by mitogen-activated protein
kinase. ¥ Cell Biol 1997, 137, 481-492.

Royal I, Park M. Hepatocyte growth factor-induced scatter of
Madin-Darby kidney cells requires phosphatidylinositol 3-
kinase. ¥ Biol Chem 1995, 270, 27780-27787.

Keely PJ, Westwick JK, Whitehead IP, Der CJ, Parise LV.
Cdc42 and Racl induce integrin-mediated cell motility and
invasiveness through PI(3)K. Nazure 1997, 390, 632—-636.

Shaw LM, Rabinovitz I, Wang HH-F, Toker A, Mercurio AM.
Activation of phosphoinositide 3-OH kinase by the o434 integrin
promotes carcinoma invasion. Cell 1997, 91, 949-960.

Price L, Leng J, Schwartz MA, Bockoch GM. Activation of Rac
and Cdc42 by integrins mediates cell spreading. Mol Biol Cell
1998, 9, 1863-1871.

Tucker GC, Boyer B, Gavrilovic J, Emonard H, Thiery JP.
Collagen-mediated dispersion of NBT-II rat bladder carcinoma
cells. Cancer Res 1990, 50, 129-137.

Vallés AM, Boyer B, Tarone G, Thiery JP. a,f; integrin is
required for the collagen and FGF-1 induced cell dispersion in a
rat bladder carcinoma cell line. Cell Adhes Res Commun 1996, 4,
187-199.

. Klemke RIL, Leng J, Molander R, Brooks PC, Vuorii K,

Cheresh DA. CAS/Crk coupling serves as a ‘“molecular
switch” for induction of cell migration. ¥ Cell Biol 1998, 140,
961-972.

Kiyokawa E, Hashimoto Y, Kobayashi S, Sugimura H, Kurata
T, Matsuda M. Activation of Racl by a Crk SH3-binding pro-
tein, DOCK180. Genes Dev 1998, 12, 3331-3336.

Ben-Ze’ev A. Cytoskeletal and adhesion proteins as tumor sup-
pressors. Curr Opin Cell Biol 1997, 9, 99-108.

Werb Z. ECM and cell surface proteolysis: regulating cellular
ecology. Cell 1997, 91, 439-442.

Kheradmand F, Werner E, Tremble P, Symons M, Werb Z.
Role of Racl and oxygen radicals in collagenase-1 expression
induced by cell shape change. Science 1998, 280, 898-902.
Lochter A, Galosy S, Muschler J, Freedman N, Werb Z, Bissell
M]J. Matrix metalloproteinase stromelysin-1 triggers a cascade of
molecular alterations that leads to stable epithelial-to-mesench-
ymal conversion and a premalignant phenotype in mammary
epithelial cells. ¥ Cell Biol 1997, 139, 1861-1872.



1308

69.

70.

71.

Noé V, Willems J, Vandekerckhove J, Van Roy F, Bryneel E,
Mareel M. Inhibition of adhesion and induction of epithelial cell
invasion by HAV-containing E-cadherin-specific peptides. ¥ Cell
Sci 1999, 12, 127-135.

Lu Q, Parede M, Medina M, er al. 5-catenin, an adhesive junc-
tion-associated protein which promotes cell scattering. ¥ Cell
Biol 1999, 144, 519-532.

Qiu RG, Chen J, Kirn D, McCormick F, Symons M. An essen-
tial role for Rac in Ras transformation. Nature 1995, 374, 457—
459.

E.E. Sander and J.G. Collard

72. QiuRG, Chen J, McCormick F, Symons M. A role for Rho in Ras
transformation. Proc Natl Acad Sci USA 1995, 92, 11781-11785.

73. Ren X-D, Kiosses WB, Schwartz MA. Regulation of the small
GTP-binding protein Rho by cell adhesion and the cytoskeleton.
EMBO ¥ 1999, 18, 578-585.

Acknowledgements—Research by J.G. Collard is supported by
grants from the Dutch Cancer Society and The Netherlands Organi-
sation for Scientific Research. E.E. Sander is supported by a fellow-
ship from the Deutsche Forschungsgemeinschaft.



