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Abstract

Transforming growth factor-B1 (TGF-B1) is a multifunctional growth factor that plays a role in cell proliferation, differentiation,
extracellular matrix production, apoptosis, and cell motility. We show here that TGF-B1 increased the invasiveness of MM1 cells, which
are a highly invasive clone of rat ascites hepatoma cells. Both mRNA and protein levels of RhoC but not RhoA in TGF-B1-treated MM 1
cells increased. In parallel with this increase in expression, RhoC activity was induced by TGF-B1 treatment. When RhoC was overex-
pressed in MM cells, the invasive capacity increased. The RhoC-overexpressing cells formed more nodules than did mock cells when
injected into rat peritoneum. Furthermore, when RhoC expression was reduced by transfection with siRNA/RhoC, the invasiveness
of MM1 cells decreased with concomitant suppression of RhoC expression. Thus, the induced expression of RhoC by TGF-B1 in

MMI cells plays a critical role in TGF-B1-induced cell migration.

© 2006 Elsevier Inc. All rights reserved.
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TGF-B is a multifunctional peptide regulator that con-
trols cell proliferation, differentiation, angiogenesis, extra-
cellular matrix deposition, and tumor invasion and
metastasis [1]. TGF-f is produced by a variety of tumor
cells, as well as by platelets. Increased expression of
TGF-B1 has been found in many human cancers relative
to non-transformed cells, and the level of TGF-f1 is corre-
lated with enhanced invasion and metastasis of the tumor
[2]. We previously reported that TGF-B1 induces invasive
capacity in W1 cells, a poorly invasive clone of rat ascites
hepatoma AH130 cells [3]. TGF-B1 up-regulates transcrip-
tion of various genes that potentiate the invasive capacity
of tumor cells, such as urokinases in human breast cancer
cells [4], avP3 integrin in human glioma cells [5], a3B1 inte-
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grin in human hepatoma cells [6], and CXCR4 in human
melanoma cells [7].

TGF-B1 reportedly affects cell morphology, which
involves dynamic cytoskeletal reorganization and pro-
foundly relates to cell migration, in a number of different
cell types, such as mink lung epithelial MvlLu cells 8],
Swiss 3T3 cells [9], and human epidermoid carcinoma KB
cells [10]. This effect is presumably dependent on changes
in the cytoskeleton caused by altered expression of cyto-
skeletal elements, such as smooth muscle actin [11], vimen-
tin, and tubulin [12], as well as assembly of actin filaments
into stress fibers [10].

The Rho GTPases are the pivotal regulators of the actin
filament system [13,14]. Overexpression of RhoA, one of
these RhoGTPase is commonly found in malignant tumors
[15], and manipulation of the level of RhoA expressed in
various transformed cell lines has been found to affect their
aggressiveness [16-18]. We have previously revealed that
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MM cells, a highly invasive clone of rat ascites hepatoma
AHI130 cells, show invasive capacity in a Rho-mediated
manner [19,20]. RhoC, another member of RhoGTPases,
has a high homology with RhoA. A connection between
cancer metastasis and RhoC has been suggested in various
reports. High expression levels of RhoC were reported to
correlate with clinical cancer metastasis [21-24]. In animal
studies, RhoC is associated with experimental pulmonary
metastasis of melanoma cell lines [25]. In addition, pulmon-
ary metastasis of mammary adenocarcinoma in the Polyo-
mavirus Middle T transgenic and RhoC~/~ mouse was
drastically inhibited [26]. RhoC is also found to be associ-
ated with cell line invasiveness in vitro [22,24].

TGF-B1 rapidly activates RhoA in an epithelial, non-
transformed mouse mammary cell line (NmuMG), a mink
lung cell line (MvlLu), a pancreatic tumor cell line
(BxPc3), and primary mouse keratinocytes [27]. Mean-
while, Edlund et al. [28] have reported that prolonged treat-
ment of PC-3U cells with TGF-B1 results in the formation
of stress fibers as well as cortical actin filaments and that
this requires a cooperation between Smad and Rho
GTPase signaling pathways. Taken together, it is reason-
able to have a hypothesis that TGF-B1-induced invasive-
ness of cancer cells is relevant to Rho GTPase activity.
Here, we investigated the distinct role of RhoA and RhoC
in TGF-Bl-induced invasiveness of MMI1 cells.

Materials and methods

Reagents. TGF-B1 and a rabbit anti-TGF-B1 polyclonal antibody were
obtained from R&D Systems (Minneapolis, MN). Anti-RhoA antibody was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Polyclonal
anti-RhoC antibody was generated by immunizing rabbits with C-terminal
region peptide (GLVQVRKNKRRRGCPIL) of RhoC [29]. 1-Oleoyl-sn-
lysophosphatidic acid (LPA) was purchased from Sigma Chemical Co. (St.
Louis, MO) and dissolved in PBS supplemented with 0.1% BSA.

Cell, cell culture, and transfection. The MM1 cells were cultured in
suspension in DMEM supplemented with 10% FBS. Cells were cultured at
37 °C in a humidified atmosphere of 5% CO, in air. The morphology of
MMI1 cells was observed under a phase-contrast microscope (Olympus
IX70, Tokyo, Japan). A retrovirus vector containing human RhoC
cDNA, pMX-IRES-GFP/RhoC, was transfected into plat-E packaging
cells using FuGene (Roche, Indianapolis, IN). Tissue culture supernatant
was harvested 48 h later and added to MM cells in the presence of 8 ug/
ml polybrene. Infected cells were selected by limited dilution. An expres-
sion vector containing a myc-tagged human RhoA cDNA, pCDNA3/
myc-RhoA, was transfected into HEK293 cells using FuGene (Roche).
After 48 h, the cells were lysed with sample buffer (Wako, Osaka, Japan),
and Western blots were performed.

Transcellular migration (in vitro invasion) assay. The assay procedure
to measure the in vitro invasive capacity of tumor cells was essentially the
same as previously described [30]. MM cells (2 x 10° cells) were seeded
over a rat mesothelial cell monolayer (MCL) and cultured in DMEM
supplemented with 10% FBS. After incubation, the supernatant was
removed, and the resultant monolayer was fixed in situ with 10% formalin.
The number of penetrated single tumor cells and tumor cell colonies
(collectively called invasion foci) was counted under a phase-contrast
microscope.

Semi-quantitative RT-PCR. Total RNA from MM1 cells cultured with
or without TGF-B1 was extracted with Trizol (Invitrogen, Carlsbad, CA).
The same amount of RNA was reverse transcribed to obtain cDNA using
Ready-To-Go beads (Amersham Bioscience, Tokyo, Japan). Semi-quan-

titative PCRs were performed with the following conditions: an initial step
of 5 min at 94 °C, differential cycles of 1 min at 94 °C, 1 min at 58 °C, and
30 s at 72 °C, followed by a step at 72 °C for 10 min. The cycle numbers
for RhoA, RhoC, and B-actin were 21, 25, and 21, respectively. The levels
of Rho-A and Rho-C expression were standardized by the levels of
B-actin. The primer sequences were as follows: rat Rho-A, 5'-AAAGTC
GGGGTGCCTCA-3' and 5-GAGGGCGTTAGAGCAGTGTC-3’; rat
Rho-C, 5'-GCCTACAGGTCCGGAAGAAT-3" and 5'-GCACCAACCT
AGTTCCCAGA-3'; and rat B-actin, 5-CCTGAGGAGCACCCTGTG-3’
and 5-AACACAGCCTGGATGGCTAC-3'".

Western blotting. Western blot analysis was performed by essentially
the same method as previously described [19]. Briefly, proteins in an SDS—
polyacrylamide gel were transferred electrophoretically to a PVDF
membrane. The membrane was blocked with 5% milk or 1% BSA solution
in T-TBS (Tris—-HCl-buffered saline supplemented with 0.5% Tween 20),
and incubated with a primary antibody in T-TBS overnight. After washing
with T-TBS, the membrane was allowed to react with a suitable secondary
antibody conjugated with horseradish peroxidase. After extensive
washing, signals were detected using an ECL-detecting reagent
(Amersham-Pharmacia Biotech, Uppsala, Sweden). Protein concentration
was determined by Protein Assay (Bio-Rad, Hercules, CA).

RhoA and RhoC activity assay. MMI cells were washed twice with
DMEM and incubated in fresh DMEM without serum for 3 h; 25 uM
LPA was added and the culture was centrifuged. The cell pellet was lysed
in RIPA buffer (50 mM Tris, pH 7.5, 1% Triton X-100, 0.5% sodium
deoxycholate, 0.1% SDS, 500 mM NaCl, 10 pg/ml each of leupeptin and
aprotinin, and 1 mM PMSF). Cell lysates were clarified by centrifugation
at 13,000g at 4 °C for 10 min and were incubated for 45 min with Rhot-
ekin Rho Binding Domain-agarose (Upstate, Lake Placid, NY). The
agarose beads were washed three times with buffer B (Tris buffer con-
taining 1% Triton X-100, 150 mM NaCl, 10 mM MgCl,, 10 pg/ml each of
leupeptin and aprotinin, and 0.1 mM PMSF). Rho bound to the beads,
which is a GTP-bound form of Rho proteins, was detected by Western
blotting using anti-RhoA or RhoC antibodies.

In vivo invasion assay. MMI cells (2x 107 cells), stably expressing
RhoC or empty vector only (mock), were injected into the peritoneal
cavity of the syngeneic male Donryu rats (150-g body weight). After 14
days, all animals were sacrificed and the number of tumor nodules in the
peritoneal cavity was counted.

Gene silencing of the rat RhoA and RhoC genes. Gene silencing was
performed using shRNA with the pSuperRetro plasmid (Oligoengine,
Seattle, WA). In brief, a duplex oligonucleotide including the targeting
sequences of the rat Rho-A (5-CAAGAAGGATCTTCGGAAT-3') or
Rho-C (5'-GGACCTGAGGCAAGATGAG-3’) genes was subcloned
into a pSuperRetro that had been digested with Bg/II and HindIll. As a
control, an empty pSuperRetro plasmid was used. All clones were verified
by sequencing. The plasmids were transfected into plat-E packaging cells
using FuGene 6, and 48 h after transfection, cell culture medium supple-
mented with 8 pg/ml polybrene was used to infect MM cells. The infected
cells were selected with puromycin (8 pg/ml), and clones were isolated by
limiting dilution.

Statistical analysis. Statistical analysis was performed with GraphPad
Prism 4 (GraphPad Software, San Diego, CA). The statistical significance
of the results was tested with an unpaired-z test. A value of p <0.05 was
considered to be statistically significant.

Results

TGF-p1 induces invasiveness with morphological changes of
MMI cells

TGF-B1 treatment increased the invasive capacity of
MM cells dose dependently, reaching a maximum 2.5-fold
increase after 24-h treatment with TGF-B1, 10 ng/ml
(Fig. 1A). The invasive capacity increased over time up to
48 h after treatment with 10 ng/ml TGF-B1 (Fig. 1B). The
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Fig. 1. TGF-Bl-induced invasiveness in MM1 cells with morphological changes. (A) MMI cells were incubated with indicated doses of TGF-f1 and the
invasive capacity was assessed. Relative invasive capacity to that of non-treated cells is shown. (B) MM cells were incubated with 10 ng/ml TGF-B1 for
the indicated periods and invasive capacity was assessed. (C) TGF-B1, 10 ng/ml, was incubated with the indicated concentrations of the anti-TGF-1
antibody for 1 h at room temperature; then MM1 cells were added and incubated at 37 °C for 24 h, and the invasive capacity was assessed. Data are shown
as mean values £SD; *, p < 0.05. (D) Phase-contrast images of the cells are shown. Note that the morphological changes of MM1 cells induced by TGF-$1
(b) were abolished to the levels of non-treated cells (a) by pre-incubation with anti-TGF-B1 antibody, 800 ng/ml (c).

TGF-Bl-induced invasive capacity was inhibited dose
dependently by addition of anti-TGF-B1 antibody
(Fig. 1C). On the other hand, PDGF or EGF did not increase
invasive capacity (data not shown). Next, the morphological
changes of TGF-B1-treated MM1 cells were examined. Pre-
viously, we reported that MM cells, treated with 1-oleoyl
lysophosphatidic acid (LPA) on a fibronectin (FN)-coated
dish, exhibited a unidirectional extended fusiform shape that
was concomitant with invasion of MM 1 cells [20]. MM cells
treated with TGF-B1 showed strong adhesion to dishes and a
fusiform shape (Fig. 1D). Anti-TGF-B1 antibody abrogated
the TGF-B1-induced morphological changes. These results
indicate that TGF-B1 induces invasive capacity and the con-
comitant morphological changes in MM cells.

TGF-p1 increases RhoC mRNA and protein expression

We previously revealed that the invasion of MMI cells is
tightly connected to RhoA activation [20]. We studied the

role of RhoA and RhoC in the TGF-B1-induced invasive
capacity of these cells. First, we investigated the expression
levels of RhoA and RhoC mRNA in MM1 cells with TGF-
Bl treatment using semi-quantative PCR. As shown in
Fig. 2A and B, 24-h treatment of MM1 cells with TGF-
B1 dose dependently increased RhoC mRNA levels but
did not change RhoA levels. The levels of RhoC mRNA
increased over time from 8 h after treatment with 10 ng/
ml TGF-B1 (Fig. 2C and D). By contrast, RhoA mRNA
levels did not change throughout the experimental period.
Next, the expression of RhoA and RhoC was examined
at the protein level by Western blot analysis. Prior to the
experiment, the specificity of the antibodies was verified,
using HEK?293 cells overexpressing myc-tagged RhoA.
Anti-myc antibody detected only the exogenous myc/
RhoA, while anti-RhoA antibody detected two bands cor-
responding to myc/RhoA and endogenous RhoA
(Fig. 2E). When anti-RhoC antibody was used, myc/RhoA
was not detected. Instead, a band corresponding to the size
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Fig. 2. TGF-BI increased RhoC mRNA and protein expression. (A-D) Semi-quantitative RT-PCR of RhoC and RhoA messenger RNA from MMI1 cells
cultured for 24 h with various doses of TGF-B1 (A,B) or cultured for various periods with 10 ng/ml TGF-B1 (C,D). The results of densitometric analysis
are corrected against actin values and shown as the relative increase over the value of non-treated cells (B,D). The black bar and the grey bar represent the
results of RhoC and RhoA, respectively. The experiments were performed three times, and representative data are shown. (E) Western blotting from myc-
RhoA-transfected HEK293 cells. Three strips of the membrane were cut out, and each strip was immunoblotted using the indicated antibodies. The gene
products corresponding to the bands are indicated by arrows. (F) Western blotting of the cell lysate from TGF-B1 treatment, 10 ng/ml for 24 h, and from

non-treated MM cells. The antibodies used are indicated.

of RhoC was detected at the location between myc/RhoA
and endogenous RhoA. Thus, anti-RhoC antibody was
shown not to cross-react with RhoA and vice versa. Using
the antibodies, we examined the change in protein levels of
RhoA and RhoC after TGF-B1 treatment. RhoC levels,
but not RhoA levels, increased in MM cells treated with
10 ng/ml TGF-B1 after 24 h of treatment, consistent with
the results from measuring mRNA levels (Fig. 2F).

TGF-p1 increased the activity of RhoC but not RhoA

Because TGF-B1 induced the expression of RhoC but
not RhoA at both the mRNA and protein levels, the acti-
vation status of RhoA and RhoC by TGF-1 was exam-
ined. Previously, we showed that LPA activates RhoA in
MMI1 cells [20]. In the cell lysates (Fig. 3, left panels),
TGF-BI1 increased expression levels of RhoC but not of
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Fig. 3. The activity of RhoC but not RhoA was increased by TGF-B1. MMI1 cells were pretreated for 24 h with or without TGF-B1 and then cultured with
FCS-free medium for 2 h. Ten minutes after the addition of LPA, cells were lysed and subjected to the Rho-binding assay. The results from the cell lysate
and the beads are shown in the left and right panels, respectively. The antibodies used are indicated.

RhoA, consistent with the above data, while LPA did not
change the expression levels of either. In terms of the acti-
vation levels of the Rho GTPases, assessed by pull-down
assay using the GST-fused Rho-binding domain (RBD)
of Rhotekin (Fig. 3, right panels), LPA activated both
RhoA and RhoC. In the absence of LPA, neither RhoA
nor RhoC was activated by TGF-B1; however, RhoC but
not RhoA was activated by TGF-B1 in the presence of
LPA. It should be noted that treatment with TGF-B1 alone
did not increase the activation levels of RhoC in spite of the
increase in RhoC protein levels. Taken together, these data
show that TGF-B1 augmented the LPA-induced activation
of RhoC by increasing the levels of RhoC protein.

Overexpression of RhoC increased invasiveness of MM1
cells

To examine whether the increased level of RhoC expres-
sion is sufficient to induce invasion, human RhoC cDNA
was transfected into MM cells. Several stable clones were
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isolated by limiting dilution, and three clones with different
RhoC overexpression levels—CO-3 (low), CO-12 (interme-
diate), and CO-6 (high)—were subjected to further studies.
First, RhoC expression levels in the clones were estimated
by the intensity of EGFP fluorescence (Fig. 4A). Because
EGFP was translated through an internal ribosomal entry
site in the RhoC expression vector, the levels of RhoC
expression could be estimated by the intensity of EGFP
fluorescence. Then, the expression levels of RhoC were
confirmed by Western blotting using anti-RhoC antibody
(Fig. 4B). Invasive capacity in vitro was increased only in
the cells with high expression but not in the low- and inter-
mediate-expression clones (Fig. 4C). Next, the clone with
high expression of RhoC (CO-6) was intraperitoneally
transplanted in rats. As shown in Fig. 5A, 14 days after
injection, more tumor nodules were formed in rats injected
with cells overexpressing RhoC than in rats injected with
mock-transfected cells. No significant difference was
observed in cell growth in vitro between the clones
(Fig. 5B). These results indicate that invasiveness was
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Fig. 4. Overexpression of RhoC increased invasive capacity both in vitro and in vivo. (A) Fluorescence of EGFP from three clones of RhoC
overexpressing cells was analyzed by flow cytometry. An open area edged with black line, CO-3; an open area edged with grey line, CO-6; a grey area edged
with black line, CO-12. (B) Western blotting of the clones using RhoC antibody. (C) Invasive capacity of the RhoC-overexpressing clones. Data are shown
as percent increase of invasive capacity over that of the empty-vector-transfected clone (Mock). Columns, mean of three results; bars, SD; *, p <0.05.
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Fig. 5. (A) Number of nodules formed in the rat peritoneum 14 days after injection of the empty vector-transfected clone (Mock) and the CO-6 clone.
Columns, mean of three results; bars, SD; *, p <0.05. (B) Growth curve of Mock (filled circle) and CO-6 clone (open circle) in vitro.

increased in cells overexpressing RhoC in vitro as well as
in vivo.

Inhibition of RhoC expression decreased invasiveness

Next, we examined whether RhoC is necessary for TGF-
Bl-induced invasion. We applied RNA small hairpin
(shRNA) techniques to decrease rat RhoA and RhoC gene
expression. Two clones were isolated from the cells trans-
fected with RhoC-shRNA vector; CI-2 and CI-8. Protein
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levels of RhoC but not RhoA were remarkably decreased
in these two clones (Fig. 6A). The invasive capacity of
CI-2 and CI-8 with TGF-Bl treatment was examined
(Fig. 6B). Decreased invasive capacity was observed in
both CI-2 and CI-8 cells compared with mock transfected
cells. TGF-B1-induced invasive capacity was also decreased
in these cells. Invasive capacity was especially almost abro-
gated in CI-8 cells, which exhibited lower expression levels
of RhoC than did CI-2 cells. Next, two clones were isolated
from the mixture of RhoA-shRNA vector-transfected
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Fig. 6. Inhibition of RhoC expression decreased invasive capacity. (A,C) Western blotting of the clones transfected with siRNA of RhoC; CI-2, CI-8 (A),
and RhoA; Al-1, AI-2 (C), with or without TGF-B1 treatment. The antibodies used are indicated. (B,D) Invasive capacity of the clones transfected with
shRNA of RhoC (B) and RhoA (D). Invasive capacity was measured with or without TGF-B1 treatment. Data are shown as percent increase of invasive
capacity over that of the empty-vector-transfected clone (Mock). Columns, mean of three results; bars, SD; *, p <0.05.
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cells, AI-1 and AI-2. Protein levels of RhoA but not RhoC
were remarkably decreased in these two clones (Fig. 6C).
Intriguingly, when RhoA expression was suppressed,
RhoC expression was reciprocally upregulated and more
notable when stimulated by TGF-p1.

The invasive capacity of Al-1 and AI-2 with TGF-B1
treatment was examined (Fig. 6D). Increased invasive
capacity was observed in both AI-1 and AI-2 cells com-
pared with mock-transfected cells, and it was more distinct
in cells stimulated with TGF-B1. Thus, RhoC was indis-
pensable for TGF-Bl-induced invasive capacity, while
absence of RhoA rather increased invasive capacity, prob-
ably because of compensatory induction in RhoC
expression.

Discussion

In the present study, we have shown that TGF-B1 induc-
es RhoC mRNA and protein expression, in parallel with
enhanced invasiveness of MM1 cells, a clone derived from
rat ascites hepatoma cells. Although there are several
reports showing that TGF-B1 activates RhoA
[27,28,31,32], this is the first report, to our knowledge,
showing that TGF-B1-induced tumor invasiveness is exert-
ed with an increase in RhoC expression levels.

The RhoC gene is highly homologous with that of RhoA.
Both RhoA and RhoC interact with the downstream effec-
tor Rho kinase (ROCK), and RhoC exhibits a higher affin-
ity for ROCK than does RhoA [33]; based on this stronger
affinity, one may predict a prominent role for RhoC in can-
cer cell invasion. Until recently, the discrete signals of RhoA
and RhoC have not been clarified. Previous studies, espe-
cially studies on Rho protein function, have used domi-
nant-negative  and  constitutive-active  approaches,
alongside biochemical ablation by Clostridium difficile toxin
or Clostridium botulinum C3 exoenzyme treatment, all of
which cannot distinguish individual Rho isoforms.

Recently, several investigators using new technologies
reported a functional difference between RhoA and RhoC.
Using the RNA interference technique, Simpson et al. [34]
reported that RhoA impedes and RhoC stimulates LPA-
induced invasion of SUM-159 breast cancer cells. They
also reported that in MCF-7 cells, inhibition of RhoA gene
expression resulted in a substantial increase in migration
toward NIH-3T3-conditioned media. Wang et al. [35] used
forced expression of the fusion proteins of p190 RhoGap
and the c-terminus sequence of Rho isoforms to inactivate
individual Rho proteins. They showed that invasion of
A375-M  human melanoma cells was suppressed by
RhoC-targeted RhoGAP, but not by RhoGAP that was
RhoA targeted. These reports are consistent with our cur-
rent results showing that TGF-Bl-induced invasion of
MMI1 cells was suppressed by RhoC knockdown, while
the invasiveness was rather enhanced by RhoA knock-
down. On the other hand, Pille et al. [36] reported that sup-
pression of both RhoA and RhoC expression by siRNA
inhibited migration of MDA-MB-231 breast cancer cells

attracted by bFGF. The discrepancy might result from
the dramatic suppression of proliferation by siRNA of
Rho GTPases in the experiment.

The contribution of RhoC to cell migration might also
be cell-type specific. In our previous study using W1 cells,
derived from a poorly invasive clone of AH130, we showed
that their invasive capacity increased with TGF-f1 treat-
ment [3]. Although both mRNA and protein levels of
RhoC were induced by TGF-B1 in W1 cells, overexpression
of RhoC in W1 cells did not increase the invasive capacity
(data not shown). In W1 cells, upregulation of RhoC alone
is not enough to induce invasive capacity. Cooperation of a
set of genes might be required to potentiate invasive capac-
ity by TGF-B1 in W1 cells.

Our study revealed that induction of RhoC mRNA is
essential for demonstration of the invasive capacity
induced by TGF-B1. Because cycloheximide did not inhibit
TGF-B1-induced RhoC mRNA levels (data not shown), it
is likely that transcriptional machinery, directly down-
stream of TGF-B1, is responsible for the increase of RhoC
mRNA, although a regulatory mechanism of the RhoC
promoter region is thus far poorly understood. The overex-
pression of RhoC commonly observed in malignant tumor
samples [21-24] might be a consequence of growth factor
stimulation. RhoC expression under stimulation of other
growth factors, which induce invasive capacity, would be
worth further studies.

Another intriguing finding is the responsive upregula-
tion of RhoC protein levels by RhoA inhibition. As shown
in Fig. 6, we revealed that expression of RhoC increased in
response to the decrease of RhoA expression. Simpson
et al. [34] reported that in the absence of RhoA expression,
LPA treatment significantly increased Racl activity. These
results suggest that enhancement of invasion by RNA
interference of RhoA in this study might result from the
compensatory increase of other Rho GTPases, including
RhoC, but not from the suppressive role of RhoA per se.

Muraoka et al. [37] reported that blockade of TGF-p sig-
naling with a soluble Fc:TGF- type II receptor fusion pro-
tein inhibited the formation of distant metastases in
experimental models of breast cancer. Because of the critical
role of RhoC in the TGF-B1-induced invasive capacity of
MM cells, the inhibition of RhoC activity might be a pos-
sible approach to the treatment of invasion and metastasis
of cancer cells. Various methods of blocking Rho-GTPases
have been applied to inhibit invasion and metastasis of can-
cer cells, such as GGTI [38] and HMG-CoA reductase
inhibitor [39], although none were specific to RhoA or
RhoC. To treat a cancer in which TGF-B1 stimulation or
high expression of RhoC is the major cause of invasive
capacity, targeting RhoC alone might be a better approach
than targeting a broad range of Rho GTPases.
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