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Abstract
Cadherins belong to a superfamily of cell–
cell adhesion receptors that bind to the
same type of molecules (homotypic inter-
action) in a calcium dependent manner.
DiVerent members of the family are found
in a wide variety of cell types and cadherin
adhesive function plays a role in cell fate,
segregation, and diVerentiation, which
ensures the higher order of organisation
found in many tissues. This review will
focus on the role that cadherin adhesive-
ness plays in the diVerentiation of epithe-
lial cells, and how cadherin function can
be regulated by proteins of the small
GTPase family. In the text, readers are
referred to recent reviews and other chap-
ters covering important topics that are not
discussed here because of space limita-
tion.
(J Clin Pathol: Mol Pathol 1999;52:197–202)
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E-cadherin and P-cadherin are found in
epithelia and their function is essential to
establish and maintain the diVerentiated epi-
thelial phenotype (reviewed by Gumbiner).1 It
is possible that the role of cadherin receptors
during epithelial diVerentiation is purely me-
chanical: the close apposition of membranes
may facilitate the formation of other junctional
components and cytoskeletal rearrangement.
Alternatively (or in conjunction with their
mechano-adhesive function), adhesion medi-
ated by cadherin receptors may eVectively trig-
ger signalling events. Evidence is now accumu-
lating for the involvement of cadherin in the
induction of gene expression, cellular diVeren-
tiation, growth control, and the distribution of
cytoplasmic proteins.2–7

During tumorigenesis in epithelial cells,
E-cadherin adhesiveness is frequently reduced
or abolished in a variety of diVerent ways
(reviewed by Christofori and Semb).8 Loss of
E-cadherin mediated adhesion results in in-
creased dediVerentiation of tumour cells (tran-
sition from adenoma to carcinoma).9 Interest-
ingly, in some cases, the transformed cells
switch on the expression of other types of cad-
herin receptors normally found in mesenchy-
mal and fibroblast cells.10 11 However, in
contrast to E-cadherin,8 expression of these
receptors can neither restore the epithelial
morphology nor prevent invasiveness. Thus,
the reduction of metastatic potential by the
expression of functional E-cadherin may be the

sum of two factors: sticking cells together and
influencing the diVerentiation status of tumour
cells.9

Regulation of cadherin function
Formation of a cadherin mediated adhesive
contact can be devided into three steps that
have diVerent requirements and use distinct
receptor domains (for a recent review see Yap et
al).12 (1) Cadherins dimerise at the cell surface,
and the extracellular domain alone is suYcent
to induce dimerisation in the absence of
calcium ions (fig 1A).13–15 (2) Homophilic
binding occurs as: the receptors interact with
dimers on opposing cells in an antiparallel
fashion. Formation of this cadherin adhesive
unit requires the extracellular domain and cal-
cium ions.14–17 (3) Adhesive receptors cluster
laterally at sites of cell–cell adhesion (fig 1A),18

in a process in which interaction of the
cadherin tail with intracellular proteins and
the actin cytoskeleton are determinant
factors.15 19 20 These three steps yield an in-
crease in the number of binding sites and in the
adhesive strength of the receptors for each unit
area of the membrane.19 21 22 In addition, the
interaction with the cytoskeleton keeps the
clustered receptors together and provides a
framework for the localisation of many diVer-
ent cytoskeletal and signalling proteins at
intercellular junctions (see below; reviewed by
Yamada and Geiger).23

Because of the important cellular functions
in which cadherins participate, there is much
interest in understanding how their function is
regulated. The association of cadherins with
actin filaments is mediated by proteins called
catenins.24–27 Cadherin interacts directly with
â-catenin, and á-catenin links this complex to
actin filaments.28–34 The direct interaction of
cadherin complexes with tyrosine kinases,35

receptor tyrosine phosphatases,36–38 and kinase
substrates39–41 suggests that the phosphoryla-
tion of the complex may be modulated.
However, the functional importance of phos-
phorylation for cadherin adhesion is not
clear.42–45 Activation of many signalling path-
ways can perturb intercellular contacts, but
neither their specificity, with respect to cad-
herin receptors, nor the mechanism involved
have been established (reviewed by Yap et al).12

Recently, key regulators of cadherin mediated
adhesiveness were identified as proteins of the
small GTPase family, and their role is dis-
cussed below.

Small GTPases
The Ras superfamily of small GTPases con-
tains proteins whose function is dependent on
the type of guanine nucleotide bound. The Ras
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subfamily members are involved in growth
control and diVerentiation. The Rho subfamily
(Rho, Rac, and Cdc42) participates in cellular
events involved primarily in cytoskeletal reor-
ganisation, but these proteins can also activate
kinase cascades, induce gene transcription, and
induce DNA synthesis (reviewed by Van Aelst
and D’Souza-Schorey46 and Mackay and
Hall47).

Inside the cell, members of the Ras family
are normally found associated with GDP in an
inactived state (fig 1B).47 Activation is brought

about by binding to GTP, a process that is
tightly modulated by the GAP (GTPase
activating protein) and GEF (guanine nucle-
otide exchange factor) regulatory proteins (fig
1B). The importance of appropriate control of
the GTPase cycle is reflected by mutations that
lock the molecule in an activated state. For
example, activating mutations are frequently
present in the Ras protein found in tumour
cells (oncogenic form, H-Ras). Similar muta-
tions in the Rho genes have not been found in
tumours, even though activation of Rho
proteins in tissue culture can induce
transformation.48–50 However, deletions have
been identified in exchange factors specific for
the Rho subfamily members that result in the
activation of small GTPases (such as the onco-
genes Lbc, Vav, and Dbl) (reviewed by Cerione
and Zheng).51

The Rho subfamily
One of the first clues that the small GTPases
might be involved in cell–cell adhesion came
from work on drosophila.52 53 In mammalian
epithelial cells, the activity of endogenous Rho
and Rac is required for the formation of
cadherin dependent contacts, as well as for the
cytoskeletal reorganisation that stabilises cad-
herin receptors in the plasma membrane (fig
2).54 Inhibition of the small GTPases specifi-
cally removes cadherins from stable contacts,
and this temporally precedes the release of
other molecules involved in cell–cell
adhesion.55 56 Moreover, the regulation of
cadherin function by Rho or Rac depends on
the maturation status of the junctions and the
cellular context (table 1).57 58 The diVerential
response of cadherin receptors to the small
GTPases, which is dependent upon the cell
type, is surprising because of the high homol-
ogy among the members of the cadherin and
small GTPase families. In addition to cadherin
dependent contacts, in simple epithelial cells,
Rho may also regulate the function of other
adhesive structures, such as tight junctions.59 60

In Madin–Darby bovine kidney (MDCK)
cells, exogenously expresssed Rac is found at
cell–cell contacts, but both the activated and
inactivated forms show the same staining
pattern.55 61 The functional importance of this
is not clear but, in MDCK cells, proteins that
can either activate (Tiam-1)62 or inactivate
(IQGAP)63–65 the small GTPase Rac also local-
ise to cell–cell contact sites.64−66 Interestingly,
IQGAP can bind directly to E-cadherin–â-
catenin complexes, in an apparent competition
with á-catenin.67 The physiological importance
of this association is not clear, but IQGAP can
also bind and crosslink actin filaments and so
could potentially replace á-catenin in the inter-
action of cadherin complexes with the
cytoskeleton.68 Although expression of the
IQGAP gene does not remove E-cadherin from
cell–cell contacts when cotransfected into
fibroblasts, it is thought that the IQGAP–
cadherin interaction renders the receptors less
adhesive.67 The latter is possibly the result of a
weaker association of the complex with the
actin cytoskeleton and/or an inactivation of the
small GTPases at junctional structures.
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Figure 1 (A) Clustering of cadherins at sites of cell–cell contacts: cadherin receptors may
exist as dimers at the cell surface, constitutively associated with cytoplasmic proteins called
catenins. The receptors interact with the same type of molecules in neighbouring cells
(homophilic binding). This interaction occurs in a antiparallel fashion and results in the
lateral clustering or zipping up of cadherin complexes at sites of cell–cell contact. Functional
adhesion requires calcium ions (to stabilise the extracellular domain) and association of the
receptors with the actin cytoskeleton, which is indirectly mediated by the actin binding
proteins á-catenin, vinculin, and á-actinin. The phosphorylation of the cadherin tail and/or
the catenins might be involved in the clustering process, interaction with the cytoskeleton, or
the shuttling of catenins from cytosolic pools to adhesive sites. The turnover of â-catenin
cytoplasmic pools also involves phosphorylation events. (B) The GTPase cycle: most small
GTPases are found associated with GDP, in an inactivated state. Replacing GDP with
GTP activates the small GTPase, and this is the form competent for intracellular signalling.
The hydrolysis of GTP to GDP occurs very rapidly and switches the molecule oV. These two
steps are tightly controlled by regulatory proteins: activation is mediated by guanine
nucleotide exchange factors (GEFs), whereas GTP hydrolysis is facilitated by GTPase
activating proteins (GAPs).
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It appears that Rho and Rac are required in
distinct pathways in the regulation of cell–cell
adhesiveness,54 55 61 as opposed to spreading on
the substratum, in which a hierarchy among the
small GTPases has been demonstrated.69 In
epithelial cells, actin recruitment to clustered
cadherin receptors is dependent on the activity
of Rac, but not of Rho.54 It is conceivable that

Rac can modulate cadherin function by
regulating the association of the complexes
with actin filaments, and this is in line with the
reported role of Rac in actin polymer-
isation.70 71 However, Rac function is necessary,
but not suYcient, to promote accumulation of
actin at the cell periphery because the presence
of functional cadherin mediated adhesion is
also required.58

On the other hand, transfection of activated
Rac into MDCK cells results in an enhanced
immunostaining of cadherin receptors and
actin at sites of intercellular contacts, but its
importance has not been established.55 66 Al-
though a strengthening of cadherin mediated
adhesion by activated Rac is suggested by these
results, it is not clear whether the augmented
cadherin staining signal reflects an increase in
the density of receptors at cell–cell contact
sites.

The Ras subfamily
Another member of the superfamily, H-Ras,
also interferes with cadherin adhesiveness (fig
2). Activating mutations in H-Ras are found
frequently in human tumours, and are accom-
panied by loss of epithelial characteristics and
increased migration. Oncogenic H-Ras can
activate diVerent intracellular pathways that
contribute to Ras transformation72 73: phos-
phatidylinositol 3 (PI3) kinase, mitogen acti-
vated protein kinase (MAPK), and the small
GTPases Rac and Ral (reviewed by Van Aelst
and D’Souza-Schorey).46 In addition, activa-
tion of each of these pathways individually is
suYcient to promote morphological transfor-
mation in fibroblasts.49 73–76

Microinjection of activated H-Ras into
MDCK cells promotes the disassembly of cad-
herin receptors from junctions (fig 2).77 In epi-
thelial cells, oncogenic Ras transfection leads
to changes in both catenin phosphorylation
and the association of the cadherin complex
with the actin cytoskeleton.78 In some cases,
these changes do not necessarily result in the
abrogation of cell–cell adhesion and epithelial
morphology, but rather a weakening of inter-
cellular contacts.56 78 It is possible that different
levels of expression of ras and the balance
between the diVerent activated pathways in
distinct cell types can account for these
discrepancies79 (reviewed by Marshall).80

Figure 2 EVects of small GTPases in cadherin mediated adhesion. Keratinocytes grown in
the absence of cell–cell contacts were microinjected with diVerent recombinant proteins, and
calcium dependent adhesion was induced. Cells were fixed and immunolabelled for
E-cadherin to detect cadherin mediated adhesion (E-cadherin). Injected cells were identified
by co-injection of fluorescent dextran (injected). Recombinant proteins microinjected were:
dominant negative Rac (N17Rac); constitutively active Rac (L61Rac); constitutively
active H-Ras (oncogenic form, V12 H-Ras), and Ras blocking functional antibody
(Y13-259).
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E-cadherin Table 1 Summary of the eVects of small GTPases in the
regulation of cadherin dependent adhesion in diVerent
cadherin receptors and cell types

Receptor Cell type

Regulation by

Rho Rac

E-cadherin Keratinocytes54 + +
MCDK (kidney epith.)55 + +
MCF10 (breast epith.)56 + +
L-cells (fibroblasts)58 + −
Small lung cells57 + ND

P-cadherin Keratinocytes58 + +
VE-cadherin Endothelial cells58 − −

CHO cells58 + +

Cdc42 activity has no eVect on E-cadherin adhesiveness.55

In small lung carcinoma cells, Rho inactivation leads to an
enhanced aggregation of cells in suspension, as opposed to in
the other adherent cell types, where Rho inactivation inhibits
E-cadherin mediated adhesion.
CHO, Chinese hamster ovary cells; ND, not determined.
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So far, the Ras pathway responsible for the
specific perturbation of cadherin adhesiveness
has not been identified. Inhibition of the
MAPK and PI3 kinase pathways can prevent
the destabilising eVects of H-Ras on MDCK
junctions.77 Both MAPK and PI3 kinase are
involved in the migration and invasiveness of
epithelial cells after diVerent stimuli, such as
activation of small GTPase or growth factor
treatment.77 81–85 However, activation of either
the MAPK or PI3 kinase pathway by itself is
not suYcient to remove cadherin receptors
from cell–cell contact sites.77 Because of their
known eVects on cytoskeletal proteins, it is
possible that activation of MAPK and PI3
kinase contributes to the Ras induced disor-
ganisation of the cytoskeleton and hence
destabilisation of junctions in epithelial cells.

In Ras transformed MDCKf3 cells, cadherin
dependent adhesion, and polarised morphol-
ogy can be restored by transfection of activated
Rac or Tiam-1, an exchange factor for Rac.66

Interestingly, the restoration of epithelial mor-
phology by Rac in MDCKf3 cells is modulated
by adhesion to diVerent types of substrata
because it is seen in cells plated on fibronectin,
but not those plated on collagen.84 Although
the mechanism remains to be investigated, in
MDCKf3 cells a crosstalk between cadherins
and diVerent extracellular matrix receptors
might operate to influence the activation of
distinct pathways by Ras. Similar crosstalk has
been reported in other systems, suggesting an
intracellular coordination of the regulation of
cell–cell and cell–substratum adhesion.86–92

Future directions
Work from many laboratories now suggests
that the small GTPases are key players in the
regulation of intercellular adhesiveness, but the
mechanism is far from elucidated (fig 3). The
task now is to define whether cadherin
adhesiveness can trigger the activation of the
Rho family of small GTPases and to dissect
further the pathway(s) activated by Rho and
Rac that are important for cell–cell adhesion.
Small GTPases are ideal candidates to partici-

pate in complex biological processes involving
cell–cell and cell–matrix adhesion during
epithelial morphogenesis, wound healing, and
metastasis. Identification of the putative targets
of the small GTPases that can modulate
cadherin function will greatly enhance our
understanding of the molecular mechanisms
that operate in these important cellular proc-
esses.

I would like to thank M Betson for reading the manuscript and
the Cancer Research Campaign for generous support of our
work.

1 Gumbiner BM. Cell adhesion: the molecular basis of tissue
architecture and morphogenesis. Cell 1996;84:345–57.

2 Balda MS, Gonzalez-Mariscal L, Matter K, et al. Assembly
of the tight junction: the role of diacylglycerol. J Cell Biol
1993;123:293–302.

3 Holt CE, Lemaire P, Gurdon JB. Cadherin-mediated cell
interactions are necessary for the activation of MyoD in
xenopus mesoderm. Proc Natl Acad Sci USA 1994;91:
10844–8.

4 Marrs JA, Andersson-Fisone C, Jeong MC, et al.Plasticity in
epithelial cell phenotype: modulation by expression of dif-
ferent cadherin cell adhesion molecules. J Cell Biol
1995;129:507–19.

5 Larue L, Antos C, Butz S, et al.A role for cadherins in tissue
formation. Development 1996;122:3185–94.

6 St Croix B, Sheehan C, Rak. JW, et al. E-cadherin-
dependent growth suppression is mediated by the cyclin-
dependent kinase inhibitor p27KIP1. J Cell Biol 1998;142:
557–71.

7 Levenberg S, Yarden A, Kam Z, et al. p27 is involved in
N-cadherin-mediated contact inhibition of cell growth and
S-phase entry. Oncogene 1999;18:869–76.

8 Christofori G, Semb H. The role of the cell-adhesion
molecule E-cadherin as a tumor-suppressor gene. Trends
Biochem Sci 1999;24:73–6.

9 Pearl A, Wilgenbus P, Dahl U, et al. A causal role for
E-cadherin in the transition from adenoma to carcinoma.
Nature 1998;392:190–3.

10 Hazan RB, Kang L, Whooley BP, et al. N-cadherin
promotes adhesion between invasive breast cancer cells and
the stroma. Cell Adhes Commun 1997;4:399–411.

11 Pishvaian MJ, Feltes CM, Thompson P, et al. Cadherin-11
is expressed in invasive breast cancer cell lines. Cancer Res
1999;59:974–52.

12 Yap AS, Brieher WM, Gumbiner BM. Molecular and func-
tional analysis of cadherin-based adherens junctions. Annu
Rev Cell Dev Biol 1997;13:119–46.

13 Shapiro L, Fannon AM, Kwong PD, et al. Structural basis of
cell–cell adhesion by cadherins. Nature 1995;374:327–37.

14 Brieher WM, Yap AS, Gumbiner BM. Lateral dimerization
is required for the homophilic binding activity of
C-cadherin. J Cell Biol 1996;135:487–96.

15 Chitaev NA, Troyanovsky SM. Adhesive but not lateral
E-cadherin complexes require calcium and catenins for
their formation. J Cell Biol 1998;142:837–46.

16 Wheelock MJ, Buck CA, Bechtol KB, et al. Soluble 80-kd
fragment of cell-CAM 120/80 disrupts cell-cell adhesion. J
Cell Biochem 1987;34:187–202.

17 Bixby JL, Zhang R. Purified N-cadherin is a potent
substrate for the rapid induction of neurite outgrowth. J
Cell Biol 1990;110:1253–60.

18 Kemler R. From cadherins to catenins: cytoplasmic protein
interactions and regulation of cell adhesion. Trends Genet
1993;9:317–21.

19 Yap AS, Brieher WM, Pruschy M, et al. Lateral clustering of
adhesive ectodomain: a fundamental determinant of
cadherin function. Curr Biol 1997;7:308–15.

20 Yap AS, Niessen CM, Gumbiner BM. The juxtamembrane
region of the cadherin cytoplasmic tail supports lateral
clustering, adhesive strengthening, and interaction with
p120. J Cell Biol 1998;141:779–89.

21 Angres B, Barth A, Nelson WJ. Mechanism for transition
from initial to stable cell–cell adhesion: kinetic analysis of
E-cadherin-mediated adhesion using a quantitative adhe-
sion assay. J Cell Biol 1996;134:549–57.

22 Adams CL, Nelson WJ, Smith SJ. Quantitative analysis of
cadherin–catenin–actin reorganization during development
of cell–cell adhesion. J Cell Biol 1996;135:1899–911.

23 Yamada KM, Geiger B. Molecular interactions in cell adhe-
sion complexes. Curr Opin Cell Biol 1997;9:76–85.

24 Hirano S, Nose A, Hatta K, et al. Calcium-dependent cell–
cell adhesion molecules cadherins: subclass specificities
and possible involvement of actin bundles. J Cell Biol 1987;
105:2501–10.

25 Nagafuchi A, Takeichi M. Cell binding function of
E-cadherin is regulated by the cytoplasmic domain. EMBO
J 1988;7:3679–84.

26 Ozawa M, Baribault H, Kemler R. The cytoplasmic domain
of the cell adhesion molecule uvumorulin associates with
three independent proteins structurally related in diVerent
species. EMBO J 1989;8:1711–17.

27 Ozawa M, Ringwald M, Kemler R. Uvomorulin–catenin
complex formation is regulated by a specific domain in the
cytoplasmic region of the cell adhesion molecule. Proc Natl
Acad Sci USA 1990;87:4246–50.

Figure 3 Possible roles of the small GTPases in the regulation of cadherin dependent
adhesion. The activity of endogenous Rho and Rac is required for the establishment and
maintenance of cadherin adhesiveness in diVerent epithelial cells. Ras activation can abolish
intercellular adhesion. The precise role of the GTPases is not known and a few possibilities
are listed, based on their activity in epithelial and other cell types54 55 58 61 (reviewed by Van
Aelst and D’Souza-Schorey).46 MAPK, mitogen activated kinase; P13,
phosphatidylinositol kinase.

Anticadherin
antibodies

Rho

Rac

Ras

Stress fibre stabilisation?
Tension?
Clustering receptors?

Binding short actin filaments?
Elongation/stabilisation filaments?

Activation Pl3 kinase?
Activation MAPK?
Another pathway?

200 Braga

 group.bmj.com on February 10, 2012 - Published by mp.bmj.comDownloaded from 

http://mp.bmj.com/
http://group.bmj.com/


28 Hirano S, Kimoto N, Shimoyama Y, et al. Identification of a
neural á-catenin as a key regulator of cadherin function and
multicellular organization. Cell 1992;70:293–301.

29 Aberle H, Butz S, Stappert J, et al. Assembly of the
cadherin–catenin complex in vitro with recombinant
proteins. J Cell Sci 1994;107:3655–63.

30 Hulsken J, Birchmeier W, Behrens J. E-cadherin and APC
compete for the interaction with â-catenin and the
cytoskeleton. J Cell Biol 1994;127:2061–9.

31 Oyama T, Kanai Y, Ochiai A, et al. A truncated â-catenin
disrupts the interaction between E-cadherin and á-catenin:
a cause of loss of intercellular adhesiveness in human can-
cer cell lines. Cancer Res 1994;54:6282–7.

32 Funayama N, Fagotto F, McCrea P, et al. Embryonic axis
induction by the armadillo repeat domain of â-catenin: evi-
dence for intracellular signalling. J Cell Biol 1995;128:959–
68.

33 Jou T-S, Stewart DB, Stappert J, et al. Genetic and
biochemical dissection of protein linkages in the cadherin–
catenin complex. Proc Natl Acad Sci USA 1995;92:5067–
71.

34 Rimm DL, Koslov ER, Kebriaei P, et al. Alpha 1(E)-catenin
is an actin-binding and -bundling protein mediating the
attachment of F-actin to the membrane adhesion complex.
Proc Natl Acad Sci USA 1995;92:8813–17.

35 Hoschuetzky H, Aberle H, Kemler R. â-catenin mediates
the interaction of the cadherin–catenin complex with
epidermal growth factor receptor. J Cell Biol 1994;127:
1375–80.

36 Brady-Kalnay S, Rimm DL, Tonks NK. Receptor protein
tyrosine phosphatase PTPµ associates with cadherins and
catenins in vivo. J Cell Biol 1995;130:977–86.

37 Kypta RM, Su H, Reichardt LF. Association between a
transmembrane protein tyrosine phosphatase and
cadherin–catenin complex. J Cell Biol 1996;134:1519–29.

38 Balsamo J, Leung T, Ernst H, et al. Regulated binding of a
PTP1B-like phosphatase to N-cadherin: control of cad-
herin mediated adhesion by dephosphorylation of
â-catenin. J Cell Biol 1996;134:801–13.

39 Reynolds AB, Daniel J, McCrea PD, et al. Identification of a
new catenin: the tyrosine kinase substrate p120cas associates
with E-cadherin complexes. Mol Cell Biol 1994;14:8333–
42.

40 Shibamoto S, Hayakawa M, Takeuchi K, et al. Association
of p120, a tyrosine kinase substrate, with E-cadherin/
catenin complexes. J Cell Biol 1995;128:949–57.

41 Staddon JM, Smales C, Schulze C, et al. p120, a
p120-related protein (p100), and the cadherin/catenin
complex. J Cell Biol 1995;130:369–81.

42 Takeda H, Nagafuchi A, Yonemura S, et al. v-Src kinase
shifts the cadherin-based cell adhesion from the strong to
the weak state and â-catenin is not required for the shift. J
Cell Biol 1995;131:1839–47.

43 Kinch MS, Petch L, Zhong C, et al. E-cadherin engagement
stimulates tyrosine phosphorylation. Cell Adhes Commun
1997;4:425–37.

44 Braga VMM, Najabagheri N, Watt FM. Calcium-induced
intercellular adhesion of keratinocytes does not involve
accumulation of â1 integrins at cell–cell contact sites and
does not involve changes in the levels or phosphorylation of
the catenins. Cell Adhes Commun 1998;5:137–49.

45 Calautti E, Cabodi S, Stein PL, et al. Tyrosine phosphoryla-
tion and Src family kinases control keratinocyte cell–cell
adhesion. J Cell Biol 1998;141:1449–65.

46 Van Aelst L, D’Souza-Schorey C. Rho GTPases and signal-
ing networks. Genes Dev. 1997;11:2295–322.

47 Mackay DJG, Hall A. Rho GTPases. J Biol Chem 1998;273:
20685–8.

48 Qiu RG, Chen J, McCormick F, et al. A role for Rho in ras
transformation. Proc Natl Acad Sci USA 1995;92:11781–5.

49 Qiu RG, Chen J, Kim D, et al. An essential role for Rac in
Ras transformation. Nature 1995;374:457–9.

50 Qiu RG, Abo A, McCormick F, et al. Cdc42 regulates
anchorage-independent growth and is necessary for Ras
transformation. Mol Biol Cell 1997;17:3449–58.

51 Cerione RA, Zheng Y. The Dbl family of oncogenes. Curr
Opin Cell Biol 1996;8:216–22.

52 Eaton S, Auvinen P, Luo L, et al. CDC42 and Rac 1 control
diVerent actin-dependent processes in the Drosophila wing
disc epithelium. J Cell Biol 1995;131:151–64.

53 Harden N, Loh HY, Chia W, et al. A dominant inhibitory
version of the small GTP-binding protein Rac disrupts
cytoskeletal structures and inhibits developmental cell
shape changes in Drosophila. Development 1995;121:903–
14.

54 Braga VMM, Machesky LM, Hall A, et al. The small
GTPases Rho and Rac are required for the establishment
of cadherin-dependent cell–cell contacts. J Cell Biol
1997;137:1421–31.

55 Takaishi K, Sasaki T, Kotani H, et al. Regulation of cell–cell
adhesion by Rac and Rho small G proteins in MDCK cells.
J Cell Biol 1997;139:1047–59.

56 Zhong C, Kinch MS, Burridge K. Rho-stimulated contrac-
tility contributes to the fibroblastic phenotype of Ras-
transformed epithelial cells. Mol Biol Cell 1997;8:2329–44.

57 Tokman MG, Porter RA, Williams CL. Regulation of
cadherin-mediated adhesion by the small GTP-binding
protein Rho in small lung carcinoma cells. Cancer Res
1997;57:1785–93.

58 Braga VMM, Del Maschio A, Machesky L, et al. Regulation
of cadherin function by Rho and Rac: modulation by junc-
tion maturation and cellular context. Mol Biol Cell 1999;10:
9–22.

59 Nusrat A, Giry M, Turner JR, et al. Rho protein regulates
tight junctions and perijunctional actin organization in
polarized epithelia. Proc Natl Acad Sci USA 1995;92:
10629–33.

60 Jou TS, Schneeberger EE, Nelson WJ. Structural and func-
tional regulation of tight junctions by RhoA and Rac1 small
GTPases. J Cell Biol 1998;142:101–15.

61 Jou TS, Nelson WJ. EVects of regulated expression of
mutant RhoA and Rac1 small GTPases on the develop-
ment of epithelial (MDCK) cell polarity. J Cell Biol
1998;142:85–100.

62 Habets GGM, Scholtes EHM, Zuydgeest D, et al.
Identification of an invasion-inducing gene, Tiam-1, that
encodes a protein with homology to GDP−GTP exchang-
ers for Rho-like proteins. Cell 1994;77:537–49.

63 Hart MJ, Callow MG, Souza B, et al. IQGAP1, a
calmodulin-binding protein with a RasGAP-related do-
main, is a potential eVector for Cdc42Hs. EMBO J
1996;15:2997–3005.

64 Kuroda S, Fukata M, Kobayashi K, et al. Identification of
IQGAP as a putative target for the small GTPases, Cdc42
and Rac 1. J Biol Chem 1996;271:23363–7.

65 McCallum SJ, Wu WJ, Cerione RA. Identification of a puta-
tive eVector for Cdc42Hs with high sequence similarity to
the RasGAP-related protein IQGAP1 and a Cdc42Hs
binding partner with similarity to IQGAP2. J Biol Chem
1996;271:21732–7.

66 Hordijk PL, ten Klooster JP, van der Kammen RA, et al.
Inhibition of invasion of epithelial cells by Tiam-1–Rac sig-
nalling. Science 1997;278:1464–7.

67 Kuroda S, Fukata M, Nakagawa M, et al. Role of IQGAP1,
a target of the small GTPases Cdc42 and Rac1, in regula-
tion of E-cadherin mediated cell–cell adhesion. Science
1998;281:832–35.

68 Bashour AM, Fullerton AT, Hart MJ, et al. IQGAP1, a Rac-
and Cdc42-binding protein, directly binds and cross-links
microfilaments. J Cell Biol 1997;137:1555–66.

69 Nobes C, 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.

70 Hartwig JH, Bokoch GM, Carpenter CL, et al. Thrombin
receptor ligation and activated Rac uncap actin filament
barbed ends through phosphoinositide synthesis in per-
meabilized human platelets. Cell 1995;82:643–53.

71 Machesky LM, Hall A. Role of actin polymerization and
adhesion to extracellular matrix in Rac- and Rho-induced
cytoskeletal reorganization. J Cell Biol 1997;138:913–26.

72 White MA, Nicolette C, Minden A, et al. Multiple Ras func-
tions can contribute to mammalian cell transformation.
Cell 1995;80:533–41.

73 Khosravi-Far R, White M, Westwick JK, et al. Oncogenic
Ras activation of Raf/mitogen-activated protein kinase-
independent pathways is suYcient to cause tumorigenic
transformation. Mol Cell Biol 1996;16:3923–33.

74 Khosravi-Far R, Solski PA, Clark GJ, et al. Activation of the
Rac1, RhoA, and mitogen-activated protein kinases is
required for Ras transformation. Mol Cell Biol 1995;15:
6443–543.

75 Urano T, Emkey R, Feig LA. Ral-GTPases mediate a
distinct downstream signaling pathway from Ras that
facilitates cellular transformation. EMBO J 1996;15:810–
16.

76 Rodriguez-Viciana P, Warne PH, Khwaja A, et al. Role of
phosphoinositide 3-OH kinase in cell transformation and
control of the actin cytoskeleton by Ras. Cell 1997;89:457–
67.

77 Potempa S, Ridley AJ. Activation of both MAP kinase and
phosphatidylinositide 3-kinase by Ras is required for hepa-
tocyte growth factor/scatter factor-induced adherens junc-
tion disassembly. Mol Biol Cell 1998;9:2185–200.

78 Kinch MS, Clark GJ, Der CJ, et al. Tyrosine phosphoryla-
tion regulates the adhesion of ras-transformed breast
epithelia. J Cell Biol 1995;130:461–71.

79 Brown K, Strathdee D, Bryson S, et al. The malignant
capacity of skin tumors induced by expression of a mutant
H-ras transgene depends on the cell type targeted. Curr Biol
1998;8:516–24.

80 Marshall CJ. Ras eVectors. Curr Opin Cell Biol 1996;8:197–
204.

81 Klemke RL, Cai S, Giannini AL, et al. Regulation of cell
motility by mitogen-activated protein kinase. J Cell Biol
1997;137:481–92.

82 Keely PJ, Westwick JK, Whitehead IP, et al. Cdc42 and Rac1
induce integrin-mediated cell motility and invasiveness
through PI(3)K. Nature 1997;390:632–6.

83 Herrera R. Modulation of hepatocyte growth factor-
induced scattering of HT29 colon carcinoma cells.
Involvement of the MAPK pathway. J Cell Sci 1998;111:
1039–49.

84 Sander EE, van Delft S, Klooster JP, et al. Matrix-dependent
Tiam/Rac-1 signalling in epithelial cells promotes either
cell–cell adhesion or cell migration and is regulated by
phosphatidylinositol 3-kinase. J Cell Biol 1998;143:1385–
98.

85 Tanimura S, Chatani Y, Hoshino R, et al. Activation of the
41/43 kDa mitogen-activated protein kinase signalling
pathway is required for hepatocyte growth factor-induced
cell scattering. Oncogene 1998;17:57–65.

86 Hodivala KJ, Watt FM. Evidence that cadherins play a role
in the downregulation of integrin expression that occurs
during keratinocyte terminal diVerentiation. J Cell Biol
1994;124:589–600.

Small GTPases and cadherin dependent cell adhesion 201

 group.bmj.com on February 10, 2012 - Published by mp.bmj.comDownloaded from 

http://mp.bmj.com/
http://group.bmj.com/


87 Clark P. Modulation of scatter factor/hepatocyte growth
factor activity by cell–substratum adhesion. J Cell Sci 1994;
107:1265–75.

88 Monier-Gavelle F, Duband JL. Control of N-cadherin-
mediated intercellular adhesion in migrating neural crest
cells in vitro. J Cell Sci 1995;108:3839–53.

89 Huttenlocher A, Lakonishok M, Kinder M, et al. Integrin
and cadherin synergy regulates contact inhibition of migra-
tion and motile activity. J Cell Biol 1998;141:515–26.

90 Weaver VM, Petersen OW, Wang F, et al. Reversion of the
malignant phenotype of human breast cells in three-
dimensional culture and in vivo by integrin blocking
antibodies. J Cell Biol 1997;137:231–45.

91 Lu Q, Paredes M, Zhang J, et al. Basal extracellular
signal-regulated kinase activity modulates cell–cell and
cell–matrix interactions. Mol Cell Biol 1998;18:3257–65.

92 Price LS, Leng J, Schwartz MA, et al. Activation of Rac and
Cdc42 by integrins mediates cell spreading. Mol Biol Cell
1998;9:1863–71.

Journal of Clinical Pathology - http://www.molpath.com
Visitors to the world wide web can now access the Journal of Clinical Pathology either through the BMJ Publishing
Group’s home page (http://www.bmjpg.com) or directly by using its individual URL (http://www.molpath.com).
There they will find the following:

+ Current contents list for the journal

+ Contents lists of previous issues

+ Members of the editorial board

+ Information for subscribers

+ Instructions for authors

+ Details of reprint services.

A hotlink gives access to:

+ BMJ Publishing Group home page

+ British Medical Association web site

+ Online books catalogue

+ BMJ Publishing Group books.

The web site is at a preliminary stage and there are plans to develop it into a more sophisticated site. Suggestions
from visitors about features they would like to see are welcomed. They can be left via the opening page of the BMJ
Publishing Group site or, alternatively, via the journal page, through “about this site”.

202 Braga

 group.bmj.com on February 10, 2012 - Published by mp.bmj.comDownloaded from 

http://mp.bmj.com/
http://group.bmj.com/


doi: 10.1136/mp.52.4.197
 1999 52: 197-202Mol Path

 
V M Braga
 
dependent cell-cell adhesion.
Small GTPases and regulation of cadherin

 http://mp.bmj.com/content/52/4/197
Updated information and services can be found at: 

These include:

References
 http://mp.bmj.com/content/52/4/197#related-urls

Article cited in: 

service
Email alerting

box at the top right corner of the online article.
Receive free email alerts when new articles cite this article. Sign up in the

Notes

 http://group.bmj.com/group/rights-licensing/permissions
To request permissions go to:

 http://journals.bmj.com/cgi/reprintform
To order reprints go to:

 http://group.bmj.com/subscribe/
To subscribe to BMJ go to:

 group.bmj.com on February 10, 2012 - Published by mp.bmj.comDownloaded from 

http://mp.bmj.com/content/52/4/197
http://mp.bmj.com/content/52/4/197#related-urls
http://group.bmj.com/group/rights-licensing/permissions
http://journals.bmj.com/cgi/reprintform
http://group.bmj.com/subscribe/
http://mp.bmj.com/
http://group.bmj.com/

