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Inhibition of Invasion of Epithelial Cells by
Tiam1-Rac Signaling
Peter L. Hordijk,” Jean Paul ten Klooster,

Rob A. van der Kammen, Frits Michiels,
Lauran C. J. M. Oomen, John G. Collardf

Tiam1 encodes an exchange factor for the Rho-like guanosine triphosphatase Rac. Both
Tiam1 and activated RacV12 promote invasiveness of T lymphoma cells. In epithelial
Madin—-Darby canine kidney (MDCK) cells, Tiam1 localized to adherens junctions. Ec-
topic expression of Tiam1 or RacV12 inhibited hepatocyte growth factor-induced scat-
tering by increasing E-cadherin-mediated cell-cell adhesion accompanied by actin
polymerization at cell-cell contacts. In Ras-transformed MDCK cells, expression of
Tiam1 or RacV12 restored E-cadherin-mediated adhesion, resulting in phenotypic re-
version and loss of invasiveness. These data suggest an invasion-suppressor role for

Tiam1 and Rac in epithelial cells.

Rho-like guanosine  triphosphatases
(GTPases) orchestrate distinct cytoskeletal
changes in response to receptor stimulation
(1). The guanine nucleotide exchange factor
Tiaml activates the Rho-like GTPase Rac,
resulting in reorganization of the cortical ac-
tin cytoskeleton in fibroblasts and induction
of invasiveness in T lymphoma cells (2, 3).
Invasion and metastasis of carcinoma cells is
often associated with reduced E-cadherin~me-
diated cell-cell adhesion (4—6); mutations in
E-cadherin, B-catenin, and «-catenin have
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been identified in human tumors and tumor
cell lines (7, 8).

We determined the distribution and local-
ization of Tiam1 in MDCK2 cells (9). About
20% of Tiaml was present in the Triton
X-100-insoluble fraction (10) and likely rep-
resented Tiaml associated with the cytoskel-
eton (Fig. 1A). Immunocytochemical analy-
ses (11) of small colonies of MDCK2 cells
revealed that the protein was concentrated at
adherens junctions (Fig. 1B). We introduced
full-length and NH,-terminally truncated
versions of Tiaml (see Fig. 1C) into MDCK2
cells by retroviral transduction (9). The mu-
tant Tiam] proteins, which were more stable
than full-length Tiam1 (3, 12), were of the
expected size and were expressed in equal
amounts  (Fig. 2A). Immunocytochemical
analyses (13) revealed that C580Tiaml was

present in the cytoplasm (Fig. 1D). The full-
length and the C1199Tiam!l proteins were
concentrated at sites of cell-cell contact
where they localized with cortical F-actin, as
did endogenous Tiaml (Fig. 1D). Vertical
(X/7) images showed that C1199Tiam! was
evenly distributed over the lateral side of the
cells and was absent from the apical or basal
side (Fig. 1D). lts localization at adherens
junctions suggested a role for Tiaml in regu-
lation of cell-cell adhesion. .

The transmembrane glycoprotein E-cad-
herin (where E designates epithelial), acting
through calcium-dependent homotypic inter-
actions, is the prime mediator of cell-cell ad-
hesion in MDCK cells (14). Because Tiam!
localized with E-cadherin in cell-cell junc-
tions (Fig. 1E), we studied the effect of
C1199Tiam1 on cell adhesion and motility by
wsing hepatocyte  growth factor (HGF)-
induced dissociation of colonies (scattering)
(13, 15, 16). MDCK2 cells expressing
C1199Tiam!1 showed no scattering in re-
sponse to HGF, whereas cells in the same
microscopic field that lacked C1199Tiam]
were able to scatter (Fig. 1E). Similar but less

pronounced results  were obtained  with
MDCK2  cells that expressed activated
RacVI2. In contrast, cells expressing

C580Tiam1 showed HGF-induced scattering
similar to control cells that did not express
Tiam! (see Fig. 1E). Expression of E-cadherin
and its associated proteins B- and a-catenin
was not altered in the C1199Tiam]-express-
ing cells. To discriminate between stimulation
of E-cadherin-mediated adhesion and inhibi-
tion of cell motility, we blocked E-cadherin
function and added HGF to induce dissocia-
tion of colonies and stimulate cell motility.
MDCKZ cells expressing C1199Tiam1 were
treated (13) with the antibody DECMA-1
directed against the extracellular part of E-
cadherin (4, 5), which resulted in HGF-in-
duced scattering and cytoplasmic localization
of C1199Tiam1 (Fig. 1F). These results show
that C1199Tiam1-expressing MDCKZ cells
are refractory to HGOF because of increased
E-cadherin—mediated adhesion rather than
reduced motility.

Ras-transformed MDCK cells (MDCK{3)
(5) display a fibroblast-like phenotype, do
not grow in colonies, and are highly invasive
as a result of reduced E-cadherin—mediated
cell-cell adhesion (4, 5). We generated
MDCKI(3 cell lines (9) expressing the vari-
ous Tiam1 constructs and activated RacV12
(Fig. 2A). Transient or stable expression of
C1199Tiam1 or RacV12 induced reversion
of the fibroblast phenotype toward the epi-
thelial phenotype and restored cell-cell ad-
hesion (Fig. 2B). Cytoplasmic C580Tiaml
did not revert the Ras phenotype and the
effect of RacV12 was less pronounced than
that of C1199Tiam! (Fig. 2B). Reversion of
the Ras phenotype by C1199Tiam] was not
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Fig. 1. Expression and effects of A P

.

C Tiam

Tiam1 in MDCK2 cells. (A) Pro-
tein immunoblot showing distri-
bution of endogenous Tiam1 af-
ter immunoprecipitation from
Triton-soluble (T) and Triton-in-
soluble (RIPA) (R) fractions. Ar-
rowhead indicates Tiam1; mo-
lecular size markers are in kilo-
daltons; PC, preclear. (B) Immu-
nocytochemical  staining  of
endogenous Tiam1. Scale bar =
10 pm. (C) Schematic drawing
of truncated Tiam1 constructs.
PHn and PHc, NH,-terminal and
COOH-terminal PH domains;
DHR, Discs-Large homology re-
gion; DH, Dbl-homology do-
main; F.L. Tiam1, full-length
Tiam1. (D) Confocal images
showing cytoplasmic localization
of C580Tiam1 and discrete lo-
calization of C1199Tiam1 at cell-
cell junctions when expressed in
MDCK2 cells. Tiam1 is in green,
F-actin is in red, and colocaliza-
tion appears in yellow. Scale
bars = 25 um. (E) Inhibition of
HGF-induced  scattering in
C1199Tiam1-expressing cells;
the nonexpressing cells scatter.
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E-cadherinis in red and C1199Tiam1 isin green. Scale bar = 25 pum. (F) Merged image of C1199Tiam1-expressing MDCK2 cells pretreated with DECMA-1, the
antibody to E-cadherin, and HGF. F-actin is in red and C1199Tiam1 is in green. Scale bar = 25 pm.

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 MDCKf3 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 MDCKIf3 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 C1199Tiam] was more pronounced than
that induced by RacV12. Treatment (13) of
the reverted MDCKI(3 cells with the antibody
to E-cadherin induced dissociation of
C1199Tiam!-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 C1199Tiam1-
expressing MDCK(f3 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,-
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terminal Pleckstrin homology (PHn) domain,
but not in the Discs-Large homology region,
impaired the restoration of E-cadherin-medi-
ated adhesion in MDCKIf3 cells. Similar to
C580Tiam]1, the PHn mutant was localized in
the cytoplasm, indicating that the PHn do-
main is essential for proper localization of
C1199Tiam] at sites of cell-cell contact.
MDCK cells expressing C1199Tiam] 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

Fig. 2. Effects of RacV12 and Tiam1 A
mutants in Ras-transformed MDCK{3

cells. (A) Expression of various Tiam1  2p0_
constructs and RacV12 analyzed by

immunoblotting total cell lysates with 116
antibodies to HA and Myc epitopes. ar=-
Lanes: 1, control; 2, C1199Tiam1; 3, 66—

C580Tiam1; 4, RacV12. (B) Phase-
contrast images of transduced cell
lines  expressing  C1199Tiam1,
C580Tiam1, and RacV12. Magnifica-
tion, X100. (C) Quantification of ad-
hesion of the MDCK 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, C1199Tiam1;
3, C580Tiam1; 4, RacV12.

actin polymerization at adherens junctions
also was recently described in keratinocytes
(18). Specific localization of Tiam1 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 C580Tiam1-expressing MDCK(3

B control C1199Tiam1

3 4 . ‘ -
-
HA
s -
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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 C1199Tiam1-
expressing MDCKf3 cells formed compact
colonies without invading into the collagen as

A F-actin/C580Tiam1 B F-actin/C1199Tiam1

C

E-cadherin/C1199Tiam1 D F-actin/C1199Tiam1

DECMA-1

C1199Tiam1

Fig. 3. Phenotypic reversion in MDCKf3 cells.
Merged confocal images of cells expressing
C580Tiam1 (A) and C1199Tiam1 (B to D).
C1199Tiam1 (green) localized with F-actin (red in B)
and with E-cadherin (red in C) at sites of cell-cell
contact. (D) HGF-induced  scattering  of
C1199Tiam1-expressing MDCK{3 cells treated with
DECMA-1 antibody. (E) C1199Tiam1-transduced
MDCK2 cells were stained for F-actin and
C1199Tiam1. Note enhanced F-actin staining at cell-
cell junctions in C1199Tiam1-expressing cells com-
pared with nonexpressing cells. Scale bars = 25 pm.

C580Tiam1

C1199Tiam1

Fig. 4. Invasive behavior of MDCKf3 cells ex-
pressing various Tiam1 proteins. Phase-con-
trast images of cells grown in collagen matrix.
C580Tiam1-expressing cells remained invasive,
whereas C1199Tiam1-expressing cells formed
compact colonies and were no longer invasive.
Magnification, X75.
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a result of restored E-cadherin-mediated ad-
hesion (Fig. 4). Cells expressing RacV12 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 Drosophila epithelium, which
have implicated Rac in assembly of adherens
junctions (18, 20). Both Tiaml and RacV12
induce invasion of T lymphoma cells (2, 3).
Here we show that this effect may well be
cell-type specific and that Tiam1 and RacV12
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,
Tiaml1-Rac signaling reverts the Ras pheno-
type and inhibits invasion by increasing E-
cadherin—-mediated homotypic cell-cell adhe-
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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