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Induced Expression of Rnd3 Is Associated with Transformation
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Madin-Darby canine kidney (MDCK) epithelial cells transformed by oncogenic Ras and Raf exhibit cell
multilayering and alterations in the actin cytoskeleton. The changes in the actin cytoskeleton comprise a loss
of actin stress fibers and enhanced cortical actin. Using MDCK cells expressing a conditionally active form of
Raf, we have explored the molecular mechanisms that underlie these observations. Raf activation elicited a
robust increase in Racl activity consistent with the observed increase in cortical actin. Loss of actin stress
fibers is indicative of attenuated Rho function, but no change in Rho-GTP levels was detected following Raf
activation. However, the loss of actin stress fibers in Raf-transformed cells was preceded by the induced
expression of Rnd3, an endogenous inhibitor of Rho protein function. Expression of Rnd3 alone at levels
equivalent to those observed following Raf transformation led to a substantial loss of actin stress fibers.
Moreover, cells expressing activated RhoA failed to multilayer in response to Raf. Pharmacological inhibition
of MEK activation prevented all of the biological and biochemical changes described above. Consequently, the
data are consistent with a role for induced Rnd3 expression downstream of the Raf~-MEK-extracellular

signal-regulated kinase pathway in epithelial oncogenesis.

The most common fatal malignancies are adenocarcinomas,
which arise from polarized epithelial cells of the lung, mam-
mary gland, prostate, colon, pancreas, and urinary tract (77).
Activating mutations in Ras are found in 20 to 30% of all
human cancers, in particular in adenocarcinomas of the pan-
creas and the colon (8). Hallmarks of early adenocarcinoma
development include cell multilayering and loss of apical po-
larity (16, 62). When grown on permeable supports as a model
system, Madin-Darby canine kidney (MDCK) cells trans-
formed by oncogenic Ras mimic these cellular responses (63).
However, little is known about the mechanisms underlying the
transformation of polarized epithelial cells that result in loss of
apical polarity and cell multilayering.

Multiple effectors of Ras can elicit oncogenic transformation
(76); one such is the protein kinase Raf, which binds directly to
Ras in a GTP-dependent manner (73), resulting in activation
of Raf upon recruitment to the plasma membrane (38, 67). In
this work, we have examined the transformation of polarized
epithelial cells by the Raf-MEK-extracellular signal-regulated
kinase (ERK) pathway. Activated forms of Raf, as well as its
downstream effector MEK, can promote oncogenic transfor-
mation in cultured cells (13, 41, 58). These transformation
events are likely mediated by ERK1 and -2, as no other bona
fide effectors of MEK have been identified (39). The Raf-
MEK-ERK pathway is thought to be important to carcinomas
harboring activating mutations in Ras and is constitutively ac-
tivated in renal cell carcinomas (47). Direct experimental evi-
dence of a role for the Raf-MEK-ERK pathway in growth of
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colon tumors in mice has recently been provided through the
use of an inhibitor of MEK (65).

Expression of both Ras (6) and, as shown here, Raf can elicit
alterations in the actin cytoskeleton associated with oncogenic
transformation. Such alterations are suggestive of the involve-
ment of Rho family GTP-binding proteins, which play pivotal
roles in cell rearrangements occurring during embryonic de-
velopment and oncogenic transformation (22, 66, 72). It has
recently been suggested that increased expression of Rnd pro-
teins may play a role in oncogenic transformation of cells (46).
The Rnd proteins Rndl1, -2, and -3, the latter of which is also
known as RhoE (18), comprise an unusual branch of Rho
family proteins in that they possess very low intrinsic GTPase
activity and are constitutively bound to GTP in the cell (18, 21,
46). Transient expression of Rnd proteins in fibroblasts and
MDCK cells results in loss of actin stress fibers and focal
adhesions (21, 46). Furthermore, transient expression of Rnd
proteins in fibroblasts also leads to cell rounding, hence the
name Rnd (46). Interestingly, the effects of Rnd proteins on
the actin cytoskeleton and focal adhesions are counteracted by
an excess of activated RhoA (21, 46). Recently, Xenopus laevis
Rndl (XRnd1) was isolated in a screen for genes that perturb
secondary axis formation in Xenopus embryos; XRndl was
found to be transiently expressed, while tissues such as the
neural crest and somitogenic mesoderm undergo extensive
morphogenetic remodeling (79). Moreover, it was demon-
strated that microinjection of XRndl mRNA perturbed cell
adhesion in early embryogenesis which was fully restored by
coinjection of mRNA encoding constitutively active RhoA
(V14RhoA) (79). These data support the notion that Rnd and
Rho proteins possess antagonistic functions.

Here, we show that activated forms of Raf are sufficient to
promote transformation of polarized MDCK cells, resulting in
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a phenotype similar to that elicited by oncogenic Ras. Activa-
tion of Raf results in elevated Racl activity without affecting
the levels of RhoA-GTP or Cdc42-GTP. We further demon-
strate that activation of Raf in polarized MDCK cells is ac-
companied by the induced expression of Rnd3. Modulation of
Rho function appears to be critical for the phenotype of Raf-
transformed MDCK cells, as constitutive expression of acti-
vated RhoA [RhoA(QG63L)] abrogates cell multilayering. The
data presented here thus provide evidence that the regulation
of Rnd protein expression may play a role in the transforma-
tion of epithelial cells in response to Raf activation.

MATERIALS AND METHODS

Reagents. The reagents used for these studies were 4-hydroxytamoxifen (4-
HT; Calbiochem), blasticidin S hydrochloride (Calbiochem), doxycycline (Sig-
ma), EDTA-free protease inhibitor tablets (Boehringer Mannheim), Geneticin
(GibcoBRL), Lipofectamine (GibcoBRL), MEK inhibitor PD098058 (New En-
gland Biolabs), MEK inhibitor U0126 (Promega), phleomycin (Sigma), Poly-
brene (Sigma), and puromycin (Sigma).

Constructs and cell lines. Medium containing amphotropic virus harboring a
retrovirus construct encoding the ecotropic virus receptor and the bleomycin
resistance gene was harvested from PT-67 cells. The medium was supplemented
with Polybrene (8 wg/ml) and used to infect low-passage MDCK II cells. A
pooled population MDCK cells expressing the ecotropic receptor was isolated by
phleomycin selection. This MDCK-EcoR cell line was used for subsequent ret-
roviral transductions using replication-defective retrovirus stocks produced by
transient transfection of Phoenix-E ecotropic packaging cells as described pre-
viously (11). cDNAs encoding K-Ras and Raf-CAAX have previously been
described (31, 38). The cDNAs were transferred to pLXSPs/pBabe-Puro3 and
expressed in MDCK-EcoR cells. Pooled populations of K-Ras, Raf-CAAX, and
vector control cells were selected by resistance to puromycin. MDCK cell clones
expressing K-Ras or the vector control, pMV7, have been characterized exten-
sively by others (63).

Constructs based on EGFPARaf-1:ER, a conditionally active form of Raf-1
which is fused at the N terminus to enhanced green fluorescent protein (EGFP)
(78), have been described in detail elsewhere (78, 81). For the experiments
described in this work, MDCK cells expressing the EGFPARaf-1;5):ER were
used. However, similar results were obtained with cells expressing EGFPARaf-
liyy:ER, which possesses lower Raf kinase activity (data not shown). The
EGFPARaf-1:ER constructs conferring resistance to blasticidin were expressed
in MDCK cells by the calcium phosphate coprecipitation method, and drug-
resistant clones were isolated by ring cloning as previously described (23). Trans-
fectants were screened by fluorescence microscopy, and clones exhibiting homo-
geneous green fluorescence were selected for further experimentation. A total of
three EGFPARaf-1;pp:ER- and six EGFPARaf-1jyy:ER-expressing clones
were used for initial experiments. All clones exhibited similar phenotypes in
response to Raf activation. Subsequent experiments were carried out with a
representative EGFPARaf-1pp):ER clone. Key results were verified using a
representative. EGFPARaf-1yv:ER clone. The ecotropic virus receptor was
expressed in the representative EGFPARaf-1;5p:ER clone by using the meth-
ods described above.

pZIP-RhoA(Q63L) was provided by Channing Der (University of North Caro-
lina at Chapel Hill) and has been characterized previously (30). A BamHI
fragment encoding human RhoA(Q63L) was transferred to pWZL-Neo and
expressed by retroviral transduction in MDCK cells coexpressing EGFPARaf-
1ippj:ER and the ecotropic virus receptor. Clones were selected using G418 and
screened by Western blotting of whole cell lysates using mouse monoclonal
anti-RhoA (26C4; Santa Cruz Biotechnology) and by fluorescence microscopy of
cells labeled with fluorescent phalloidin to detect actin stress fibers as detailed
below. Three clones expressing RhoA(Q63L) were selected based on the West-
ern blots and by the abundance of actin stress fibers, which is an indicator of the
function of activated Rho (28, 56, 68).

To prepare MDCK cell lines expressing Rnd3 under control of the tetracy-
cline-regulatable transactivator (t-TA) (20), a cDNA comprising a Kozak con-
sensus translation initiation sequence and the coding region of Rnd3 was in-
serted into the pUDH10-3 vector and transfected into the MDCK-T23 clone
harboring the Tet-off transactivator (7). For selection, pcDNA6/V5-His/LacZ
(Invitrogen) was cotransfected at a 1:100 ratio of the Rnd3 expression plasmid,
and 40 clones resistant to blasticidin were isolated. Clones were selected and
maintained in the presence of doxycycline (20 ng/ml). Two clones that exhibited
inducible regulation of Rnd3 expression were obtained; these were used in
parallel for experiments and yielded similar results. To induce Rnd3 expression,
doxycycline was removed by washing the cells four times with medium without
doxycycline.

Cell culture. All MDCK II cell lines were grown in phenol red-free Dulbecco
Modified Eagle medium supplemented with 5% fetal calf serum, 2 mM L-
glutamine, penicillin, and streptomycin and maintained at 37°C in 5% CO,. The
cell lines were split 1:10 once a week with two changes of medium in between.
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For experiments, MDCK cell lines were plated on either 12-, 24-, or 72-mm-
diameter Transwell polycarbonate filters (0.4-pm pore size; Costar) at a density
of 2.5 X 10° cells/cm? and grown for 7 days, with changes of medium every 2 days
and the day before experimentation. For biochemical experiments, 100-mm-
diameter dishes were used in some instances, but results were confirmed with
cells grown on 72 mm-diameter Transwells. Cells expressing EGFPARaf-1:ER
constructs were treated with 1 wM 4-HT to activate Raf for up to 66 h before
experimentation. Treatment with the MEK inhibitors PD098059 (1) and U0126
(14) was started 1 h before the addition of 4-HT. Controls were incubated with
the appropriate concentrations of solvent. Transepithelial resistance (TER) mea-
surements were carried out as previously described (23). To quantify the cell
number, filters were excised and trypsinized. Cell counts were subsequently
performed essentially as previously described (24).

Detection of Rnd3 by immunoprecipitation and Western blotting. Antisera
against recombinant Rnd1 have been described previously (46). Antisera detect-
ing Rnd2 and Rnd3 were raised against recombinant proteins as described for
Rndl. The reactivity of anti-Rnd antisera was determined by Western blotting of
recombinant Rnd proteins. For detection of Rnd3, MDCK cells from 72-mm-
diameter Transwell filters or 100-mm-diameter dishes were rinsed twice with
phosphate-buffered saline (PBS) and scraped into 1 ml of ice-cold modified Gold
lysis buffer (1% Triton X-100, 20 mM Tris [pH 8.0], 137 mM NaCl, 10 mM
MgCl,, 15% glycerol) containing protease inhibitors. Samples were rotated for
30 to 60 min at 4°C to allow complete cell lysis. Triton X-100-insoluble material
was pelleted by centrifugation, and the supernatant was recovered. Protein con-
centrations were determined by the bicinchoninic acid protein assay (Pierce) and
equalized among samples in a given experiment. One-milliliter aliquots of pre-
cleared lysate typically containing 2 mg of total protein were incubated overnight
at 4°C with a 1:300 dilution of anti-Rnd3#1, which detects recombinant Rnd1, -2,
and -3 on Western blots. For the last hour, 20 ul of a 50% slurry of protein
A-Sepharose was added. Immunoprecipitates were washed three times with
ice-cold lysis buffer. Precipitated proteins were resolved on 16% Tris-glycine gels
and transferred to nitrocellulose. Membranes were blocked in BLOTTO (5%
nonfat dry milk and 0.1% Triton X-100 in Tris-buffered saline) and probed for
1 h at room temperature with a 1:1,000 dilution of anti-Rnd3#2, which specif-
ically detects Rnd3. Finally, membranes were incubated 30 min at room tem-
perature with a 1:5,000 dilution of protein A-horseradish peroxidase (HRP)
(Amersham Pharmacia Biotech), and antigen-antibody complexes were visual-
ized by enhanced chemiluminescence (Renaissance; Dupont NEN) using Hy-
perfilm (Amersham Pharmacia Biotech).

‘When antisera specific for Rnd1 or -2 on Western blots were substituted for
anti-Rnd3#2, no specific reactivity was detected. Substitution in the immuno-
precipitation step with antiserum specific for Rnd1, -2, or -3 confirmed these
results. Only when reagents detecting Rnd3 were included in both the immuno-
precipitation and the Western blotting was a reaction at the specific mobility
obtained. To test the possibility that upregulation of Rnd3 expression by Raf was
not an artifact resulting from Rnd3 moving from a Triton X-100-insoluble to a
soluble fraction, we repeated key experiments using lysates prepared with 0.5%
sodium dodecyl sulfate lysis buffer according to a previously described protocol
(23). The results were identical to those obtained with Gold lysis buffer.

Phospho-MEK and phospho-ERK Western blots. MDCK cells on 12-mm-
diameter Transwell filters were rinsed twice in PBS and lysed directly in 200 pl
of 2X Laemmli buffer. Lysates were boiled for 3 min and vortexed for 20 min at
room temperature to shear DNA. Aliquots of 10 wl, corresponding to approxi-
mately 5 pg of total protein, were electrophoresed on 10% Tris-glycine gels
(Novex, San Diego, Calif.) and transferred to nitrocellulose. Membranes were
blocked in BLOTTO and probed with antibodies as follows: affinity-purified
rabbit anti-phospho-MEK1/2 (Ser217/221) (New England Biolabs), 1:1,000; af-
finity-purified rabbit anti-MEK1/2 (New England Biolabs), 1:1,000; mouse
monoclonal anti-phospho-p44/42 mitogen-activated protein kinase (Thr202/
Tyr204) (New England Biolabs), 1:2,500; and rabbit anti-ERK1/2 (Santa Cruz
Biotechnology), 1:5,000. Secondary reagents comprised goat anti-mouse-HRP
and goat anti-rabbit-HRP (Jackson ImmunoResearch Laboratories, West Grove,
Pa.), used at a dilution of 1:10,000. Western blots were developed as described
above.

Rhotekin RBD and Pak3 CRIB assays. Bacterial expression vectors encoding
glutathione S-transferase (GST) fusions of the Rho binding domain (RBD) of
rhotekin and the Cdc42 Rac interacting binding (CRIB) domain of human Pak3
were provided by Xiang-Dong Ren and Martin A. Schwartz (University of
California, San Diego) and by Shubha Bagrodia and Richard A. Cerione (Cor-
nell University, Ithaca, N.Y.), respectively. Fusion proteins were bound to glu-
tathione beads according to previously published protocols (3, 54). Each batch of
fusion protein was assessed for activity on lysates of NIH 3T3 cells which had
been either been transiently transfected with expression vectors encoding acti-
vated Rho or Rac or treated with cytotoxic necrotizing factor 1 (CNF1). Fusion
proteins were subsequently used to determine Rac, Rho, and Cdc42 activities in
lysates of confluent MDCK cell monolayers essentially as described previously
(3, 54). In brief, cells were rinsed twice in ice-cold PBS, drained thoroughly, and
then lysed in ice-cold lysis buffer. For rhotekin RBD assays, cells were lysed in
XDR-cell lysis buffer (1% Triton X-100, 0.5% sodium deoxycholate, 0.1% so-
dium dodecyl sulfate, 50 mM Tris [pH 7.2], 500 mM NaCl, protease inhibitors).
Pak3 CRIB assays were performed on cells lysed in high-salt modified Gold lysis
buffer (1% Triton X-100, 20 mM Tris [pH 8.0], 500 mM NaCl, 10 mM MgCl,,
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15% glycerol, 0.5 mM dithiothreitol, protease inhibitors). Lysates were cleared
by centrifugation for 2 min and then applied to 25 pg of fusion protein per
sample. Lysates were rotated at 4°C for 30 min, rinsed twice in ice-cold lysis
buffer, and drained with a Hamilton syringe. The samples were resuspended in
20 wl of 2X Laemmli sample buffer, heated to 50°C for 10 min, and electropho-
resed on 16% Tris-glycine gels (Novex). Aliquots comprising 1.25% of whole cell
lysate were run simultaneously. Following transfer to nitrocellulose, membranes
were blocked with BLOTTO and probed with mouse monoclonal antibodies
(MADs) specific for RhoA (26C4; Santa Cruz Biotechnology), Racl (clone 102;
Transduction Laboratories), and Cdc42 (clone 44; Transduction Laboratories).
In addition, phospho-ERK and ERK blots were performed to control for Raf
activation and loading, respectively.

Confocal fluorescence microscopy. Mouse MAbs against the 114-kDa apical
protein and the 58-kDa basolateral protein were provided by Karl Matlin (Beth
Israel Hospital) and have previously been characterized (4). Mouse MAD against
E-cadherin (rr1) and rat MAD against ZO-1 (R40.76) were obtained and used as
previously described (5). Secondary reagents comprised Alexa Fluor 488/594
goat anti-mouse immunoglobulin G (heavy plus light chain) [IgG (H+L)] con-
jugate and Alexa Fluor 594 goat anti-rat IgG (H+L) conjugate (Molecular
Probes). To detect polymerized actin, cells were labeled with Alexa Fluor 488/
594 phalloidin (Molecular Probes). Both Alexa Fluor 488-phalloidin and Alexa
Fluor 488-anti-mouse IgG (H+L) conjugates yielded such a strong signal that
interference from the EGFPARaf-1:ER construct could be entirely eliminated by
appropriate settings of the confocal microscope. Samples were fixed in 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The blocking buffer
consisted of 10% normal goat serum-0.2% fish skin gelatin—0.1% saponin in PBS
and was also used for incubations with antibodies and phalloidin probes. Samples
were mounted in FluorSave (Calbiochem) and imaged on a Bio-Rad MRC1024
confocal microscope. Image processing and preparation was carried out as de-
scribed previously (51). X-Z sections were sampled at the center of the corre-
sponding X-Y sections unless otherwise indicated. All figures included in this
work are representative of at least three independent experiments.

BrdU incorporation assay. MDCK cells grown on 12-mm-diameter Transwell
filters as described above were incubated with 50 mM bromodeoxyuridine
(BrdU) in growth medium for 3 h, after which cells were washed with PBS and
fixed for 20 min in 4% paraformaldehyde in 0.1 M sodium phosphate buffer.
Cells were then washed with PBS and incubated in 2 N HCI for 1 h. Following
neutralization with 0.1 M Na,B,O-, the cells were processed for immunofluo-
rescence microscopy as described above. Cells were incubated overnight at 4°C
with a mouse MAb against BrdU (Calbiochem). As secondary antibody, Alexa-
Fluor 488 goat anti-mouse IgG (H+L) was used (Molecular Probes). After
incubation with secondary antibody, the cells were washed and treated for 10 min
with 0.1 mg of boiled RNase per ml in blocking buffer, followed by a 30-min
incubation with the nuclear stain TO-PRO3 (1:500; Molecular Probes). The cells
were then rinsed once with PBS, mounted, and examined by confocal microscopy
as described above. The percentage of cells that had incorporated BrdU was
quantified by determining the ratio of BrdU-positive nuclei and the total number
of nuclei in 25 systematically sampled microscopic fields. As a positive control,
cells were seeded at subconfluent density (2 X 10* per 12-mm filter) 24 h before
the BrdU assay was carried out.

RESULTS

The Raf-MEK-ERK pathway is sufficient to transform po-
larized MDCK cells. To examine the role of the Raf-MEK-
ERK pathway in oncogenesis of polarized epithelial cells, we
established clonal MDCK cell lines expressing EGFPARaf-
1:ER (78). The kinase activity of EGFPARaf-1:ER is regulated
by estrogen and its analogs such as 4-HT. Activation of
EGFPARaf-1:ER in polarized MDCK cells resulted in a rapid
and sustained activation of MEK and ERK, as detected by
Western blotting of whole cell lysates using antibodies specific
for activated forms of these proteins (Fig. 1a). The overall
levels of MEK and ERK expression were unaffected by Raf
activation (Fig. 1a).

Analysis by confocal microscopy of optical sections parallel
to the substratum (X-Y sections) of phalloidin-stained MDCK
cells following Raf activation revealed alterations in cell mor-
phology beginning within 60 min (Fig. 1b). Initially, we ob-
served discrete aberrations from the normal pentagonal and
hexagonal shape of polarized MDCK cells. After 3 h, borders
between some cells became poorly demarcated, with phalloidin
staining patterns suggestive of membrane ruffling. These
changes continued until 12 h after Raf activation, by which
time the cell shape had become highly irregular and the cell
borders were partially obscured (Fig. 1b). The changes in cell
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shape that occurred after Raf activation were accompanied by
alterations in the actin cytoskeleton. Polarized MDCK cells
possess abundant actin stress fibers located along the basal
membrane. Within the first 3 h after Raf activation, the num-
ber of actin stress fibers appeared to remain constant, but
significant thinning of the fibers was evident. The stress fibers
then gradually disappeared and were largely absent within 6 to
12 h after activation of Raf (Fig. 1b).

Six hours after Raf activation, cells protruding above the
monolayer were observed in optical sections perpendicular to
the filter (X-Z sections [Fig. 1c]). Such cells were characterized
by intense cortical actin staining. Cell multilayering was evi-
dent 12 h after activation of Raf and extensive after 18 h, at
which time clusters of cells two to three layers thick covered 20
to 30% of the filter. The multilayering progressed over the next
48 h, with more than 60% of the filter being covered by clusters
of cells up to five layers thick (Fig. 1c) as previously described
for MDCK cells expressing oncogenic Ras (63). However, the
multilayering did not result from an increase in cell number or
cell proliferation. In multiple determinations, the number of
cells per filter remained constant and BrdU labeling revealed
that cells were not transiting through S phase in either the
absence or presence of active Raf (Fig. 2). Thus, multilayering
of epithelial cells in response to oncogenic transformation can
occur without cell division. We also did not detect any change
in the number of apoptotic nuclear profiles as detected by
TO-PRO staining (data not shown). The multilayering follow-
ing Raf activation thus appears to comprise cell-cell rearrange-
ments, probably resulting from increased cell motility con-
ferred by activation of the Raf-MEK-ERK pathway (33), and
an increase in cell size (Fig. 1c) as previously reported for Raf
transformed NIH 3T3 cells (29). The transformation of polar-
ized MDCK cells expressing EGFPARaf-1:ER was entirely
dependent on Raf activation. No signs of transformation were
observed in control MDCK cells or in cells expressing either
the estrogen receptor moiety or EGFP alone in the absence or
presence of 4-HT (data not shown). Moreover, MDCK cells
transduced with Raf-CAAX, a constitutively activated form of
Raf, also exhibited cell multilayering as well as the alterations
in the actin cytoskeleton described above (data not shown).

To address the role of downstream effectors of Raf in epi-
thelial oncogenesis, we used the pharmacological inhibitors of
MEK, PD098059 and U0126, at concentrations that were suf-
ficient to abrogate Raf-induced ERK activation (Fig. 3a). Pre-
incubation with either PD098059 (50 pM [Fig. 3b to d) or
U0126 (10 uM [data not shown]) prior to activation of Raf
abrogated the changes in cell shape and the effects of Raf on
the actin cytoskeleton as well as cell multilayering. These re-
sults indicate that oncogenic transformation of MDCK cells by
Raf is dependent on activation of MEK. Since the only known
bona fide targets of MEK are ERK1 and -2, the data implicate
ERKI and -2 activation in epithelial oncogenesis by Raf.

Previous work has shown that Raf-transformed cells secrete
autocrine growth factors such as heparin-binding epidermal
growth factor (42), which might contribute to the phenotype of
MDCK cells described above. To test this possibility, we es-
tablished cocultures of cells expressing EGFPARaf-1:ER and
parental MDCK cells plated on permeable supports at ratios
ranging from 1:9 to 1:49. With appropriate settings of the
confocal microscope, the EGFPARaf-1:ER-expressing cells
are readily identified based on their green fluorescence. Addi-
tion of 4-HT to cocultures of cells expressing EGFPARaf-1:ER
and normal MDCK cells led to alterations in the actin cytoskel-
eton and multilayering only in the Raf-expressing population
of cells, even when such cells were immediately next to normal
cells (Fig. 4). Thus, the phenotype induced by activation of the
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FIG. 1. Time course of Raf-induced transformation of MDCK cells. Polarized MDCK cells expressing EGFPARaf-1:ER were treated with 1 pM 4-HT for the
indicated periods of time. (a) Activation of MEK and ERK following Raf activation was assayed by Western blotting of whole cell lysates using activation-specific
antibodies as described in Materials and Methods. (b and c¢) Confocal microscopy of MDCK cells labeled with fluorescent phalloidin revealed that the morphological
alterations in response to Raf activation comprised progressive changes in cell shape (b and c), loss of actin stress fibers (b), increased cortical actin (b and c), and
multilayering (c). (b) X-Y sections; scale bar, 20 wm. (c) X-Z sections; scale bar, 20 um. All X-Y sections were sampled at the base of the cell monolayers.

Raf-MEK-ERK pathway in MDCK cells exhibited a consider-
able degree of cell autonomy and was not due simply to the
release of an autocrine growth factor.

Effects of Raf activation on apical and basolateral polarity.
In addition to multilayering and alterations in cell shape,
MDCK cells transformed by activated Ras exhibit a redistri-
bution of apical membrane proteins such as the 114-kDa pro-
tein (4) to the basolateral surface (63). To compare the effects
of Ras and Raf transformation of MDCK cells, we examined
the localization of the 114-kDa apical marker protein in

MDCK cells following Raf activation. We observed extensive
redistribution of the 114-kDa protein from the apical to the
basolateral surface of MDCK cells following Raf activation
(Fig. 5a). We subsequently determined the effects of Raf on
other biological parameters that have been examined in
MDCK cells transformed by oncogenic Ras. The cell adhesion
molecule E-cadherin was to a large extent retained at areas of
cell-cell contact (Fig. 5b). Some intracellular E-cadherin was
observed in multilayering MDCK cells, probably as a result of
internalization of adherens junction constituents from areas of
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FIG. 2. Confluent MDCK cells are arrested both with and without Raf acti-
vation. (a) Cell counts evidenced that Raf activation in polarized MDCK cells
does not result in a significant change in cell number. (b) BrdU incorporation to
determine the fraction of cells in S phase carried out as described in Materials
and Methods showed that polarized MDCK effectively remain arrested following
activation of Raf. For comparison, BrdU incorporation in a subconfluent culture
is shown (S).

the plasma membrane no longer engaged in cell-cell contact
(Fig. 5b and data not shown). Moreover, the 58-kDa basolat-
eral marker (4) remained confined to the basolateral surface
(data not shown). Finally, Raf-transformed MDCK cells main-
tained functional tight junctions, as evidenced by measure-
ments of TER (Fig. 5¢) and by immunolocalization of the tight
junction protein ZO-1 (data not shown). Thus, activated Raf
largely mimicked the previously described effects of oncogenic
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FIG. 3. MEK inhibitors abrogate transformation of MDCK cells by Raf. (a)
MDCK cells expressing EGFPARaf-1:ER were either untreated or treated with
1 uM 4-HT for 18 h in the absence or presence of the indicated concentrations
of the MEK inhibitor PD098059 or U0126. Activation of ERK was assayed by
Western blotting of whole cell lysates using activation-specific antibodies as
described in Materials and Methods. (b to d) EGFPARaf-1:ER-expressing
MDCK cells were either untreated (b) or treated with 1 pM 4-HT for 18 h alone
(c) or with 1 wM 4-HT for 18 h in the presence of 50 pM PD098059 (d). The cells
were then fixed and labeled with fluorescent phalloidin and analyzed by confocal
microscopy. All X-Y sections were sampled at the base of the cell monolayers.
Scale bar, 20 pm.
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FIG. 4. Raf transformation of polarized MDCK cells is cell autonomous.
MDCK cells expressing EGFPARaf-1:ER were mixed with the parental MDCK
cell line at a ratio of 1:9; 42 h prior to experimentation, 1 nM 4-HT was added
to the culture to activate Raf in the EGFPARaf-1:ER-expressing MDCK cells.
With appropriate settings on the confocal microscope, EGFPARaf-1:ER-ex-
pressing MDCK cells can be identified based on the green fluorescence. In
addition, the sample was labeled with fluorescent phalloidin to visualize the actin
cytoskeleton (in red) in both parental and EGFPARaf-1:ER-expressing MDCK
cells. The X-Y section was sampled close to the apical surface of the parental
monolayer. Under these conditions, the EGFPARaf-1:ER-expressing MDCK
cells invariably undergo morphological transformation and multilayer even when
completely surrounded by parental cells (arrowhead). In contrast, the parental
cells, except for changes in shape (asterisk) apparently inflicted by neighboring
EGFPARaf-1:ER-expressing MDCK cells, show no signs of transformation and
retain growth in monolayers. Scale bar, 20 pm.

Ras in MDCK cells (63). In this respect, MDCK cells seem to
differ from rat intestinal epithelial (RIE-1) cells, in which ac-
tivation of the Raf-MEK-ERK pathway is reported to be in-
sufficient for Ras transformation (48).

In some respects, our observations regarding E-cadherin
localization differ from those of Zondag et al. (82), who
showed that E-cadherin was downregulated from the adherens
junction upon constitutive expression of Raf-CAAX in MDCK
cells. A major difference between the two studies is that our
experiments are conducted on confluent polarized MDCK
cells rather than subconfluent cultures. We therefore tested
whether cell density could influence the effect of Raf activation
on E-cadherin localization. MDCK cells grown at subconfluent
densities form cell clusters in which E-cadherin is absent from
the plasma membrane in the basal region of the cell and
colocalizes with cortical actin at areas of cell-cell contact in the
apical region of the cell (Fig. 6a to c). Addition of 1 uM 4-HT
for 42 h to subconfluent cultures of EGFPARaf-1:ER-express-
ing MDCK cells resulted in cell spreading and scattering, as
well as loss of E-cadherin staining from the plasma membrane
except in areas colocalizing with phalloidin staining patterns
indicative of membrane ruffling (Fig. 6d and e). In addition,
E-cadherin was retained at remaining areas of cell-cell contact
in sparse cultures of Raf-transformed MDCK cells. These re-
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FIG. 5. Effects of Raf activation on cell polarity and on adherens and tight
junctions. MDCK cells expressing EGFPARaf-1:ER were either untreated or
treated with 1 pM 4-HT for 42 h. (a) The cells were fixed and labeled with
fluorescent phalloidin to outline cell borders (in red) and immunolabeled to
detect the 114-kDa apical marker (in green). Note the extensive redistribution of
the 114-kDa apical marker to the lateral cell borders after Raf activation, where
it colocalizes with cortical actin (in yellow-orange). Scale bar, 20 pm. (b) Cells
were labeled with fluorescent phalloidin to outline cell borders (in green) and
immunolabeled to detect the adherens junction constituent E-cadherin (in red).
Note that despite the extensive cell-cell rearrangements occurring after Raf
activation, E-cadherin still colocalizes with cortical actin at areas of cell-cell
contact (in yellow-orange). Scale bar, 20 pm. (¢) TER measurements in MDCK
cells after activation of Raf for 0 to 42 h. As shown, the cells retain TER after Raf
activation. The peak in TER observed after 18 h of Raf activation was observed
in all six experiments carried out. Error bars indicate standard deviations (n = 3).
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sults demonstrate that cell-cell contact resulting from high cell
density stabilizes E-cadherin at the plasma membrane in Raf-
transformed MDCK cells compared to subconfluent cultures.
However, the data do not rule out that long-term strong acti-
vation of the Raf-MEK-ERK cascade will eventually lead to
downregulation of E-cadherin in confluent cultures of MDCK
cells.

Effects of Raf activation on Rho family GTPases. The loss of
actin stress fibers and increased cortical actin and lateral mem-
brane ruffling in Raf-transformed MDCK cells suggested that
Raf activation might influence the activation state of the Rho
family GTPases Rho, Rac, and Cdc42. Moreover, it was re-
cently reported that in NIH 3T3 fibroblasts, activation of Rac
and Cdc42 can lead to downregulation of RhoA-GTP levels
(589), raising the possibility that diminished Rho activity in
Raf-transformed MDCK cells might contribute to the ob-
served phenotypic effects. We therefore measured the levels of
RhoA-GTP using the rhotekin RBD assay and the levels of
Racl-GTP and Cdc42-GTP using the Pak3 CRIB binding as-
say (see Materials and Methods).

Following Raf activation, we observed a substantial increase
in the cellular levels of Rac1-GTP, which was detectable within
3 to 6 h after Raf activation (Fig. 7a) and thus preceded the
increased cortical actin (Fig. 7b and c). The elevation in
Racl.GTP levels was significantly reduced by preincubation
with 10 nM U0126 (Fig. 7a). Cdc42.GTP levels did not notably
change following Raf transformation (Fig. 7b). It should be
mentioned that while Racl-GTP levels were readily detectable
with the Pak3 CRIB binding assay, it was difficult to detect
Cdc42-GTP in MDCK cells both before and after Raf activa-
tion. Strikingly, we did not detect any change in RhoA-GTP
levels in Raf-transformed MDCK cells (Fig. 7c). To rule out
the possibility that the lack of change in RhoA-GTP levels was
due to saturation of the rhotekin RBD assay, we treated
MDCK cells with CNF1. CNF1 activates the endogenous pool
of RhoA by deamidating asparagine in RhoA, hence mimick-
ing the Q63L mutation (17, 61). This treatment resulted in the
detection of highly elevated levels of RhoA-GTP (Fig. 7c).
Thus, Raf activation in MDCK cells results in attenuated Rho
function without influencing the levels of RhoA-GTP.

Raf-induced expression of Rnd3 elicits alterations in the
actin cytoskeleton associated with cell transformation. Loss of
actin stress fibers following microinjection or transient expres-
sion of Rnd proteins in MDCK cells and other cell lines has
been described (21, 46). Moreover, Rnd proteins have been
suggested to play a role in oncogenic transformation (46). We
therefore examined whether Raf transformation influenced
the expression of Rnd proteins. Although we detected no al-
terations in the expression of Rnd1 or -2 (data not shown), we
observed that Rnd3 was strongly induced upon Raf activation
(Fig. 8a). No induction of Rnd3 expression was observed in
parental MDCK cells treated with 4-HT (data not shown).
Induced Rnd3 expression was detected after 1 h and strongly
increased 3 to 6 h following activation of Raf (Fig. 8a). Rnd3
protein accumulated continuously up to 42 h of Raf activation,
the latest time point examined (Fig. 8a). Constitutive expres-
sion of K-Ras in both a pooled population of MDCK cells as
well as an extensively characterized cell line (63) also induced
the expression of Rnd3 (Fig. 8b).

It should be noted that the induction of Rnd3 preceded the
effects of Raf on the actin cytoskeleton (Fig. 1b and c). Inter-
estingly, multiple Rnd3 cross-reacting bands were detected in
Raf-transformed MDCK cells. Similar heterogeneity was also
observed in Western blots of recombinant Rnd3 prepared
from Escherichia coli as well as Rnd3 immunoprecipitated
from COS7 cells transiently transfected with an Rnd3 expres-
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FIG. 6. Raf transformation leads to spreading and scattering of MDCK cells. MDCK cells expressing EGFPARaf-1:ER grown at low cell density were either
untreated (a to c) or treated with 1 uM 4-HT for 42 h (d and e). The cells were then fixed and labeled with fluorescent phalloidin to detect polymerized actin and
immunolabeled to localize E-cadherin. (a and b) Phalloidin staining in optical sections through the basal (a) and apical (b) regions of untreated cells. (c) E-cadherin
localization in the apical region of untreated cells. No E-cadherin labeling is detected in at the base of untreated cells (not shown). (d and e) Following activation of
Raf, subconfluent MDCK cells become flattened, and both phalloidin (d) and E-cadherin (e) labeling is evident in a single optical section. Arrows in panel d indicate
areas of apparent membrane ruffling. Note that E-cadherin colocalizes with polymerized actin at these areas. Arrowheads in panel e illustrate that E-cadherin is retained
at areas of cell-cell contact in subconfluent Raf-transformed MDCK cells. Scale bars, 20 wm.

sion vector (data not shown). The reasons for such heteroge-
neity are not clear. As both the transformation of MDCK cells
by Raf and the accompanying alterations in the actin cytoskel-
eton were dependent on MEK activation, we examined
whether induction of Rnd3 by Raf similarly required the acti-
vation of MEK. Indeed, preincubation with U0126 (Fig. 8c) or
PD098059 (data not shown) abrogated Raf-induced Rnd3 ex-
pression, indicating a requirement for MEK activation in the
induction of Rnd3 by Raf.

To test the effects of Rnd3 directly, we generated MDCK
cells expressing Rnd3 under control of the t-TA in the Tet-off
system (20). Removal of doxycycline from cells grown on cov-
erslips or in culture dishes at either subconfluent or confluent
densities led to efficient induction of Rnd3. The level of Rnd3
expression observed after 42 to 48 h of induction was equiva-
lent to that achieved in response to Raf activation for a similar
time period (Fig. 8d). Under these conditions, we observed
that Rnd3 expression elicited a significant loss of actin stress
fibers and moderately increased cortical actin accompanied by
changes in cell morphology reminiscent of those associated
with oncogenic transformation of MDCK cells by Raf (Fig. 8e
and f). However, the effects of Rnd3 expression in MDCK cells
were less dramatic than the alterations that occur following
activation of Raf. Clearly other effectors of Raf signaling must
cooperate with Rnd3 to yield the phenotype of Ras- and Raf-

transformed MDCK cells. For reasons we do not understand,
Rnd3 failed to express with the t-TA system when cells were
cultured on filters.

Cell-multilayering is abrogated by constitutive expression of
activated RhoA. To assess whether alterations in Rho signaling
influence the capacity of Raf to transform MDCK cells, we
took advantage of the fact that activated RhoA can counter-
balance the effects of Rnd3 (21, 46, 79). We thus expressed
RhoA(Q63L) in MDCK cells that already express condition-
ally active Raf-1. MDCK cell clones expressing RhoA(Q63L)
displayed a marked increase in the thickness and number of
actin stress fibers at the base of cell monolayers (compare X-Y
sections of Fig. 9a and b). In this region, the cells furthermore
interdigitated extensively, thus partially obscuring cell bound-
aries. In each of three clones expressing activated RhoA, the
activation of Raf failed to elicit the multilayering phenotype
(Fig. 9a to d and data not shown). In contrast, clones as well as
pooled populations of MDCK cells transfected with the con-
trol vector alone exhibited multilayering equivalent to that of
parental cells. The inhibition of multilayering in cells express-
ing RhoA(Q63L) was not due to lack of ERK activation or
failure to induce Rnd3 expression. Raf-induced ERK activa-
tion and Rnd3 expression was as robust in RhoA(Q63L)-ex-
pressing cells as it was in the vector control cells (Fig. 9¢ and
f). Remarkably, despite the expression of activated RhoA,
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FIG. 7. Effect of Raf activation on Racl-, Cdc42-, and RhoA-GTP levels.
Lanes represent GTP loading on endogenous Racl (a), Cdc42 (b), and RhoA (c)
in MDCK cells following Raf activation for 0 to 18 h. Rac1-GTP and Cdc42-GTP
levels were determined by the Pak3 CRIB assay (a and b, top panels). RhoA-
GTP levels were assessed using the rhotekin RBD assay (c, top panel). Each
experiment included one sample (lane U) where the cells were treated with 10
wM MEK inhibitor U0126 in addition to 1 wM 4-HT for 18 h. The rhotekin RBD
assay (c) also included a sample (lane CNF) which was treated for 18 h with
CNF1 only. Moreover, each experiment included one sample, in which Raf had
been activated for 18 h, that was probed with the rhotekin RBD GST fusion
protein for the CRIB assay (a and b, lanes RBD) and with the Pak3 CRIB GST
fusion protein in the rhotekin RBD assay (c, lane CRIB). In addition, Western
blots were carried out to detect Racl, Cdc42, and RhoA in whole cell lysates, as
well as phospho-ERK and total ERK (ERK1/2), and indicated on the right.

most of the stress fibers were lost in all of the RhoA(Q63L)
clones following activation of Raf (Fig. 9d). A possible expla-
nation for this result is that higher levels of RhoA(Q63L) are
required to antagonize the effects of Rnd3 induction on actin

Raf-INDUCED Rnd3 EXPRESSION IN EPITHELIAL ONCOGENESIS

9371

stress fibers. Alternatively, direct inactivation by Raf of down-
stream effectors of RhoA such as Rho-kinase and Diaphonous
(p140™P) (2, 44, 69, 74, 75) may cooperate with Rnd3 to elicit
a loss of actin stress fibers in MDCK cells transformed by Raf.
While the use of RhoA(Q63L) to antagonize Rnd3 function
provides indirect evidence for the importance of Rnd3 in on-
cogenic transformation, the data demonstrate a requirement
for alterations in Rho effector function in epithelial oncogen-
esis by the Raf-MEK-ERK pathway.

DISCUSSION

In this work we show that activation of the Raf-MEK-ERK
pathway can elicit oncogenic transformation of MDCK cells in
a manner that is similar to the effects of activated Ras (63).
These data are consistent with the observations that expression
of activated Raf in the rat parotid Pa-4 cell line grown on
permeable supports results in cell multilayering (40) and that
activated MEK1 can promote dedifferentiation of MDCK cells
(64). Furthermore, activation of c-Jun and c-Fos, downstream
targets of the Raf-MEK-ERK pathway (12), in filter-grown
mammary epithelial cells also leads to multilayering (15, 53).
Collectively, these studies and the present work emphasize the
importance of the Raf-MEK-ERK pathway in epithelial onco-
genesis.

The extent to which activated Raf is capable of mimicking
the effects of oncogenic Ras may seem surprising given that
activated forms of phosphatidylinositol 3’-kinase (PI3’-kinase)
have been reported to result in morphological transformation
of MDCK cells (31). It is possible that Ras elicits transforma-
tion of MDCK cells by the coordinate activation of several
pathways but that strong activation of any one of these path-
ways can mimic the effects of Ras (50). Moreover, our results
do not exclude a requirement for endogenous PI3’-kinase ac-
tivity in Raf-induced epithelial oncogenesis, as has been de-
scribed for the induction of cyclin D1 by conditionally active
forms of MEK1 (70). This possibility will be addressed in
future experiments using pharmacological inhibitors of the
PI3’-kinase pathway as well as regulated forms of PI3’-kinase
(34) and Akt (protein kinase B) (36, 43).

Here, we have begun to dissect the mechanisms by which the
Raf-MEK-ERK pathway promotes epithelial oncogenesis. We
have demonstrated that activation of Raf in polarized MDCK
cells results in a loss of actin stress fibers and increased cortical
actin suggestive of membrane ruffling. Consistent with these
observations and previous reports (28, 57, 68), we found that
Raf activation leads to a robust increase in Racl activity. Loss
of actin stress fibers is associated with attenuated Rho function
either through direct inactivation of RhoA (56) or by inacti-
vation of Rho effector molecules. However, we detected no
change in RhoA-GTP levels following Raf activation, thus
strengthening the possibility that the effects of Raf on polar-
ized MDCK cells are elicited downstream of Rho.

These results differ substantially from those recently re-
ported by Zondag et al. (82), who found that constitutive
expression of activated Ras (V12Ras) and Raf (Raf-CAAX) in
MDCK cells results in attenuation of Rac activity and elevated
levels of Rho-GTP. The reasons for such disparate observa-
tions are unclear. The differences are not due merely to the use
of constitutive as opposed to inducible activation of the Raf-
MEK-ERK pathway or clonal versus pooled cell populations,
as we have reproduced our findings with pooled populations of
Raf-CAAX-expressing MDCK cells (data not shown). It is
possible that the growth conditions, or the extent to which the
cells are polarized when the Raf-MEK-ERK pathway is acti-
vated, affect the activity state of Rho family GTPases in
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FIG. 8. Induced expression of Rnd3 following Raf activation. (a) MDCK
cells expressing EGFPARaf-1:ER were either untreated or treated with 1 pM
4-HT for the indicated periods of time, at which point the expression of Rnd3
was assessed by immunoprecipitation and Western blotting as described in Ma-
terials and Methods. (b) MDCK cells expressing K-Ras in either pBabe-Puro3
(pooled population) or pMV7 (clone) (63) were grown to confluency, and ex-
pression of Rnd3 was assessed by immunoprecipitation and Western blotting. (c)
MDCK cells expressing EGFPARaf-1:ER were either untreated or treated with
1 uM 4-HT for 18 h in the absence or presence of the indicated concentrations
of the MEK inhibitor U0126. The expression of Rnd3 was assessed by immuno-
precipitation and Western blotting. (d) MDCK cells expressing Rnd3 under the
control of the Tet-off system were cultured in the presence (0) or absence of
doxycycline for 1 to 3 days, at which time the expression of Rnd3 was assessed by
immunoprecipitation and Western blotting. As a control, the expression of Rnd3
was measured in extracts of MDCK cells expressing EGFPARaf-1:ER that were
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MDCK cells. In addition, our data do not exclude that elevated
levels of Rac1-GTP in Raf-transformed MDCK cells may con-
tribute to the loss of actin stress fibers. However, constitutive
expression of activated Rac in MDCK cells results in increased
cortical actin without loss of actin stress fibers (68). Second,
Rac-mediated depletion of actin stress fibers would be ex-
pected to occur through Pak activation and inactivation of
myosin light chain kinase (60). Yet we do not observe loss of
actin stress fibers in MDCK cell lines expressing activated
Pak1(T423E) under control of the t-TA (M. M. P. Zegers and
S. H. Hansen, unpublished observations).

The induced expression of Rnd3 by Raf suggests a mecha-
nism by which Rho effectors may be inactivated in Raf-trans-
formed cells. Based on previous studies of Rnd proteins and
the fact that the effector interaction domains of Rnd and Rho
proteins are similar (46), it is possible that Rnd proteins may
antagonize the effects of Rho proteins by competing for the
same (or a subset of) effector molecules. Binding of Rnd3 to
Rho effector molecules like Rho kinase or Diaphonous might
lead to their sequestration in a state that prevents isometric
contraction of actin filaments or directly to the disassembly of
focal adhesions which are required for the formation of actin
stress fibers (45). This mechanism represents an alternative to
the paradigm that regulation of the function of small GTPases
occurs solely by affecting the GTP-GDP cycle directly through
GTPase-activating proteins, guanine nucleotide exchange fac-
tors, or GDP dissociation inhibitors (72). A precedent for such
a mechanism exists in the case of the small GTP-binding pro-
tein Krev-1/Rap1A, which was isolated in a screen for suppres-
sors of Ras transformation (32). RaplA possesses an effector
domain identical to that of Ras (19), but contrary to Ras,
binding of Rap1A to Raf-1 and Ral-GDS does not lead to their
activation (26, 71).

The observation that activated RhoA largely abrogated Raf-
induced multilayering of MDCK cells suggests that attenuation
of Rho function is required for epithelial oncogenesis by the
Raf-MEK-ERK pathway. This notion might seem to contradict
the hypothesis that RhoA can cooperate with Ras and Raf to
transform cells (30, 52). However, given the pleiotropic roles of
RhoA in cell physiology, it is possible that some functions of
RhoA cooperate with Ras and Raf transformation whereas
others may serve to antagonize it. One way in which RhoA
might cooperate with Ras and Raf to transform cells could be
to alleviate the cell cycle arrest imposed by strong activation of
the Raf-MEK-ERK pathway that leads to induction of the cell
cycle inhibitor p21<'P! (49, 78). In addition, it has been re-
ported that expression of activated RhoA in Ras-transformed
epithelial cells elicits alterations in cell shape resulting in a
fibroblast-like morphology (80). However, others have found
that inhibition of the Rho-Rho-kinase pathway may contribute
to oncogenic Ras-induced transformation (27). Moreover, as
shown here, when tested in an assay of oncogenic transforma-
tion of polarized epithelial cells (i.e., multilayering), activated
RhoA prevents transformation by the Raf-MEK-ERK path-
way. It is also possible that activation of Rho effectors to
different extents can elicit opposing phenotypes as has been
observed for the Raf-MEK-ERK pathway (78). This scenario

either untreated or treated with 1 pM 4-HT for 42 h. (e and f) MDCK cells
expressing Rnd3 under the control of the Tet-off system were cultured in the
presence (e) or absence (f) of doxycycline for 2 days. At this time, the cells were
labeled with fluorescent phalloidin to detect polymerized actin and analyzed by
confocal microscopy. Both optical sections were sampled at the base of the cell
monolayers. Scale bar, 20 pm.
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FIG. 9. Constitutive expression of RhoA(Q63L) prevents Raf-induced mul-
tilayering. (a to d) MDCK cells expressing EGFPARaf-1:ER were transduced
with either empty vector, pWZLNeo (a and c), or the same vector encoding
RhoA(Q63L) (b and d), and clonal cell lines were derived. The cells were then
either untreated (a and b) or treated with 1 uM 4-HT for 42 h (c and d), at which
time the cells were labeled with fluorescent phalloidin and analyzed by confocal
microscopy. (e and f) The cells described above were either untreated or treated
with 1 uM 4-HT for 42 h, at which time the expression of Rnd3 (e) and activation
of ERK1 and -2 (f) were assessed as described in Materials and Methods. All
X-Y sections were sampled at the base of the cell monolayers. Scale bar, 20 pm.

might explain some of the apparently contradictory data that
have been published in this area.

Racl, Cdc42, and RhoA all promote the formation and
maintenance of E-cadherin-based adherens junctions in epi-
thelial cells (9, 10, 25, 28, 35). One mechanism by which Racl
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and Cdc42 regulate adherens junctions is through the effector
IQGAP1 (37). In contrast, the effector molecules of RhoA,
which regulate adherens junction assembly and maintenance,
are not known. It would be of interest to identify these mole-
cules, as they are likely effectors of Rnd proteins in cell adhe-
sion. Rndl is localized to adherens junctions in confluent,
quiescent fibroblasts (46). Similarly, in MDCK cells microin-
jected with a Rnd3 expression vector, Rnd3 has been found to
localize to areas of cell-cell contact (21). Another important
finding to support a role for Rnd proteins in cell-cell adhesion
is the finding that microinjection of mRNA encoding XRnd1
into the animal pole of Xenopus embryos results in cell disso-
ciation (79). Given their role in cell adhesion, it is not surpris-
ing that constitutively active derivatives of Racl, Cdc42, and
RhoA also inhibit scattering of MDCK cells in response to
hepatocyte growth factor/scatter factor (HGF/SF) or phorbol
ester (3, 55). However, activated RhoA may additionally in-
hibit cell scattering by promoting formation of a dense network
of actin stress fibers (55). Rnd3 also increases the rate of cell
migration in response to HGF/SF (21), again providing evi-
dence of antagonism between Rho and Rnd proteins.

It has not been possible by site-directed mutagenesis to
derive dominant-interfering forms of Rnd proteins. It appears
that the equivalent of the classical dominant negative mutation
corresponding to the N17 mutant in Ras fails to bind nucleo-
tide and hence does not yield a dominant-negative Rnd protein
(46, 79; P. Chardin, unpublished observation). Similarly, our
attempts to use antisense technology to inhibit Rnd3 expres-
sion in Raf-transformed MDCK cells have been unsuccessful.
Moreover, since effectors of Rnd family members have not
been identified, it is not possible to use conventional strategies
to address whether induction of Rnd3 is required for oncogen-
esis of MDCK cells downstream of Raf. However, in the con-
text of the previously published work on Rnd proteins and
their antagonism of Rho function, the present study supports a
role for Rnd3 in epithelial oncogenesis downstream of Raf.
Rnd3 may possess dual functions in this response: first, by
promoting reorganization of the actin cytoskeleton and
changes in cell shape necessary for cell motility, and second, by
attenuating cell adhesion to permit translation of the increased
cell motility into cell-cell rearrangements occurring during
multilayering. Evidently, further progress in understanding
how Rnd proteins function and how they contribute to onco-
genic transformation of polarized epithelial cells will require
the identification of the mechanisms by which Rnd proteins
antagonize the function of the classical Rho proteins in the
cell.
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