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ABSTRACT  RhoGTPases are key signaling molecules regulating main cellular functions such 
as migration, proliferation, survival, and gene expression through interactions with various 
effectors. Within the RhoA-related subclass, RhoA and RhoC contribute to several steps of 
tumor growth, and the regulation of their expression affects cancer progression. Our aim is 
to investigate their respective contributions to the acquisition of an invasive phenotype by 
using models of reduced or forced expression. The silencing of RhoC, but not of RhoA, in-
creased the expression of genes encoding tumor suppressors, such as nonsteroidal anti-in-
flammatory drug–activated gene 1 (NAG-1), and decreased migration and the anchorage-in-
dependent growth in vitro. In vivo, RhoC small interfering RNA (siRhoC) impaired tumor 
growth. Of interest, the simultaneous knockdown of RhoC and NAG-1 repressed most of the 
siRhoC-related effects, demonstrating the central role of NAG-1. In addition of being induced 
by RhoC silencing, NAG-1 was also largely up-regulated in cells overexpressing RhoA. The 
silencing of RhoGDP dissociation inhibitor α (RhoGDIα) and the overexpression of a RhoA 
mutant unable to bind RhoGDIα suggested that the effect of RhoC silencing is indirect and 
results from the up-regulation of the RhoA level through competition for RhoGDIα. This study 
demonstrates the dynamic balance inside the RhoGTPase network and illustrates its biologi-
cal relevance in cancer progression.

INTRODUCTION
The small GTPases of the Rho family are key intermediates in trans-
ducing signals arising from soluble mediators as well as those origi-
nating from clustered cell adhesion receptors. They drive several 
vital aspects of cell physiology, such as cytoskeleton organization 
and cell survival, proliferation, migration, and differentiation (Jaffe 
and Hall, 2005). These signaling molecules function as binary 

molecular switches: on the activity of guanine nucleotide exchange 
factors (GEFs) at the plasma membrane, they switch from an inac-
tive, GDP-bound state to a GTP-bound form that can bind and acti-
vate effector molecules. The RhoGTPases return to an inactivated 
state by hydrolysis of the GTP into GDP by catalysis of the intrinsic 
GTPase activity by a GTPase-activating protein (GAP). They are se-
questrated under an inactivate state in the cytoplasm by forming 1:1 
complexes with RhoGDP dissociation inhibitor (RhoGDI). Although 
there are many GEFs and GAPs, only three RhoGDI proteins have 
been identified in humans. RhoGDIα is the most ubiquitously ex-
pressed member of the family. Quantitation of RhoGDI levels in 
several cell types has shown that the molar amount of RhoGDI is 
roughly equal to the total level of RhoGTPases (Michaelson et al., 
2001). RhoGDIs are being appreciated as pivotal regulators of the 
RhoGTPase function.

Among the RhoGTPase family, the Rho subclass includes RhoA, 
the most-studied member, and two closely related homologues, 
RhoC and RhoB. These three proteins share several properties, in-
cluding the regulation of actin stress fibers formation. However, 
their role in cancer progression is clearly not redundant. RhoB is a 
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short-lived protein displaying antitumorigenic properties (Liu et al., 
2001; Mazieres et al., 2004, 2005), whereas RhoA and RhoC are 
reported as protumorigenic. Despite their high degree of homo
logy, RhoA and RhoC display different affinity for their downstream 
effectors (Sahai and Marshall, 2002) and exert distinct functions in 
several key steps of cancer progression, such as epithelial-to-mes-
enchymal transition (Bellovin et al., 2006) and invasion of breast 
carcinoma cells (Simpson et al., 2004). Whereas RhoA is ubiqui-
tously expressed, increasing evidences suggest that RhoC expres-
sion is associated with highly aggressive cancers, where it pro-
motes metastasis (Clark et al., 2000; Kleer et al., 2002; Shikada 
et al., 2003; Wang et al., 2004, 2008; Yao et al., 2006). In particular, 
this was observed in prostate cancer cell lines and tissues where 
RhoC protein expression was associated with a metastatic pheno-
type (Iiizumi et al., 2008).

Of interest, it has been established that small GTPases of the 
Rho family are also integral components of signaling pathways 

regulating transcription (Coso et al., 1995; 
Hill et al., 1995). For example, potential 
RhoA- and RhoC-responsive genes have 
been identified in NIH3T3 and MCF10A 
cells, respectively (Teramoto et al., 2003; 
Wu et al., 2004). More recently, a compari-
son of the gene expression profiles in 
cells transfected by constitutively active 
RhoA, RhoB, or RhoC has been reported 
(Berenjeno et al., 2007). Such studies, al-
though providing valuable information, 
have some limitations. Overexpression of 
Rho proteins, especially for constitutively 
active mutants, creates conditions that are 
not fully relevant to physiological situations. 
Similarly, cell lines used as models need to 
be chosen carefully for their ability to regu-
late and to respond efficiently to the path-
ways involving the RhoGTPase network.

Here, a model of PC-3 cells—a prostate 
cancer cell line expressing significant lev-
els of endogenous RhoA and RhoC—was 
used to evaluate the respective contribu-
tions of these two RhoGTPases to the ac-
quisition of a transformed phenotype (Yao 
et al., 2006). Our data suggest that levels 
and activity of RhoA and RhoC are mutu-
ally dependent and that their cross-talk in-
volves RhoGDIα. This dynamic balance 
regulates the activation of the downstream 
effector Rho kinase (ROCK) and the ex-
pression of several genes, including non-
steroidal anti-inflammatory drug–activated 
gene 1 (NAG-1), that alter tumorigenesis 
in vitro and in vivo. This study demon-
strates that cross-talks between individual 
members of the RhoGTPase regulatory 
network, including RhoGDI, are central for 
cell regulation and tumor formation, seem 
to be preferentially established in a hierar-
chical order between related homologues, 
and are highly sensitive to slight modifica-
tions of the relative abundance of each in-
dividual partner.

RESULTS
Silencing RhoC, but not RhoA, significantly decreases the 
anchorage-independent growth of PC-3 and LnCaP cells
The specific contributions of RhoA and RhoC in the PC-3 cell tu-
moral phenotype were evaluated by using a small interfering RNA 
(siRNA) approach. As recommended in an editorial in Nature Cell 
Biology (Editors, 2003) our results were validated by using specific 
controls (ctrA and ctrC) designed by introducing two nucleotide 
changes in the siRNA specific for RhoA and RhoC, respectively (Ho 
et al., 2008). These two mutations completely abrogated the silenc-
ing activity of the siRNAs, even at concentrations as high as 60 nM 
(Figure 1, A and B). The effect of RhoA or RhoC silencing on the in 
vitro tumorigenic properties of PC-3 cells was tested in an anchor-
age-independent growth model. Immediately after transfection, 
PC-3 cells were seeded in soft agar, and the total number of colo-
nies formed after 2 wk was counted. It is worth noting that even after 
2 wk of culture in soft agar, the siRNAs were still efficient, as a 

Figure 1:  Silencing RhoC but not RhoA repressed anchorage-independent growth. Increasing 
concentrations (2–60 nM) of Scr, ctrA, and siRhoA (A) or of Scr, ctrC, and siRhoC (B) were used 
to transfect PC-3 cells. At 48 h posttransfection, cells were lysed and analyzed by 
immunoblotting with specific antibodies to RhoA, RhoC, and Erk1/2. Strong and specific 
inhibitions of expression were observed with siRhoA and siRhoC at concentration as low as 
2 nM. In sharp contrast, no effect was detected for the controls even at the highest 
concentrations. PC-3 cells were transfected with 20 nm of ctrC and siRhoC (C) or ctrA and 
siRhoA (D) and plated in soft agar as described in Materials and Methods. After 2 wk, cellular 
proteins were extracted and analyzed by immunoblotting with specific antibodies to RhoA, 
RhoC, and Erk1/2. siRhoA and siRhoC are still efficient after 2 wk of culture in soft-agar. PC-3 
(E, F, and H) and LnCaP (G) transfected with 20 nM of the indicated siRNA were plated in soft 
agar as described in Materials and Methods. SiRhoA#2 and siRhoC#2 were designed and used 
to assess the specificity of the effects observed with siRhoA and siRhoC, respectively (H). After 
2 wk of culture, colonies were counted in the whole-culture dishes. Three independent 
experiments were performed. Results are expressed in percentage of value obtained with 
untransfected cells (E), ctrC (F, G), or Scr (H). Only siRhoC is able to significantly reduce the 
number of colonies. *p < 0.05 and ***p < 0.001, analysis of variance (ANOVA), followed by 
Tukey–Kramer analysis.
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Fold change

siRhoC vs. Scr siRhoC#2 
vs. Scr

siRhoA vs. Scr

Array 1 Array 2 Array 1 Array 2

ras homologue gene family, member C RHOC −7 −4.6 −3 1.2 1.1

ras homologue gene family, member A RHOA 1 −1.1 −1.1 −5.2 −4.9

Up-regulated

NSAID-activated gene 1/ growth differentiation 
factor 15

NAG-1/GDF15 2.5 2.5 2.6 −1.1 −1.3

Cyclin-dependent kinase inhibitor 1A (p21, Cip1) p21Cip1/CDKN1A 3.2 3 1.1 1.1 1

Growth arrest and DNA damage gene 153 GADD153/DDIT3 4 4.6 2.8 −1.4 −1.3

Cyclin-dependent kinase inhibitor 1C (p57, Kip2) p57Kip2/CDKN1C 2.1 1.7 1.2 1.3 1.6

Activating transcription factor 3 ATF3 2.1 2.3 1.9 −1.2 −1.4

Cystathionase (cystathionine γ-lyase) CTH 2.1 2.8 1.6 −1.3 −1.1

Homocysteine-inducible, endoplasmic reticulum 
stress–inducible, ubiquitin-like domain member 1

HERPUD1 2.3 1.9 1.9 −1.1 1

Growth arrest and DNA damage gene 34 GADD34 3.5 3.2 1.5 1.1 1.1

Tribbles homologue 3 TRIB3 2 1.7 1.7 −1.9 −1.7

Asparagine synthetase ASNS 2 1.5 1.9 −1.1 −1.2

CCAAT/enhancer-binding protein B CEBPB 2.8 1.9 1.7 −1.3 −1.2

p8 protein (candidate of metastasis 1) p8 2.8 2.3 2.6 −1.4 −1.6

Sequestosome 1 SQSTM1 2.6 3 3 1.1 1.3

ATPase H+-transporting lysosomal 42-kDa V1 
subunit C1

ATP6V1C12 2 2 1.7 −1.2 1.4

UDP-N-acetyl-α-d-galactosamine:polypeptide GALNT3 2.5 3 1.9 −1.1 1

N-Acetylgalactosaminyltransferase 3 (GalNAc-T3)

Arginase type II ARG2 4.3 3.7 1.5 1.2 1

S100 calcium-binding protein P S100P 2.6 2.8 1.5 −2.8 −2.6

GTP-binding protein overexpressed in skeletal 
muscle

GEM 2.1 2.8 1.9 −1.1 −1.1

Tripeptidyl peptidase I TPP1 2.5 2.5 1.6 1.1 1.1

Brain-expressed X-linked-like 1 BEXL1 2.5 2 1.9 −1.2 −1.4

HSPB (heat shock 27-kDa)–associated protein 1 HSPBAP1 3 2.1 1.5 1.2 −1.1

Cell cycle progression 1 CCPG1 2 2.1 1.5 1.3 1.1

Syntaxin 3 STX3 2.1 1.6 2.1 1.1 −1.1

Neutrophil cytosolic factor 2 (65 kDa) NCF2 4 7 4 −2 −1.4

Metallothionein 1F (functional) MT1F 1.9 2.5 2 −1.4 −1.4

Metallothionein 1X MT1X 1.9 3.5 1.9 −1.3 1.3

DnaJ (Hsp40) homologue subfamily C, member 12 DNAJC12 1.9 2.1 1.7 1.1 1

Down-regulated

Secreted protein, acidic, cysteine-rich (osteonectin) SPARC −3 −5.7 −2.1 2.3 2.3

Parathyroid hormone–like hormone PTHLH −1.9 −1.6 −2 1.3 1.3

Interleukin 1 β IL1B −4.3 −2.3 −2.3 −1.1 −1.1

Angiopoietin-like 4 ANGPTL4 −2.5 −4.3 −2.8 1.1 1.1

Chromosome 1 open reading frame 165 C1orf165 −3 −2.1 −2.3 1.1 −1.1

Plasminogen activator tissue PLAT −2.5 −2 −1.9 1 −1.1

Table 1:  Selected genes regulated in PC-3 cells following RhoA or RhoC silencing. 
	 (Continues)

NSAID, nonsteroidal anti-inflammatory drug.
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significant inhibition of the targeted RhoGTPase was observed 
(Figure 1, C and D), and that the ability of PC-3 cells to grow in this 
model was altered neither by the transfection agent alone (mock 
transfected) nor by transfection with control siRNA (Figure 1, E). The 
silencing of RhoA failed to alter anchorage-independent growth of 
PC-3 in soft agar, whereas RhoC siRNA (siRhoC) efficiently repressed 
it (Figure 1F). Similar data were obtained using LnCaP prostate car-
cinoma cells (Figure 1G), suggesting that this regulation is not lim-
ited to a single cell type. To address concerns about potential “off-
target” effects, experiments were repeated with additional distinct 
siRNAs targeting RhoA (siRhoA#2) and RhoC (siRhoC#2). As illus-
trated in Supplemental Figure S1, these two additional siRNAs re-
pressed their specific target as efficiently as siRhoA and siRhoC, re-
spectively. Similar to the first siRhoC, transfection with siRhoC#2 
also strongly reduced anchorage-independent growth of PC-3 
(Figure 1H), whereas the silencing of RhoA with siRhoA#2 slightly 
increased the number of colonies. We previously reported that si-
lencing RhoA or RhoC induced the expression of RhoB (Ho et al., 
2008). Cosilencing experiments revealed that RhoB is not involved 
in the repression of anchorage-independent growth following RhoC 
silencing (Supplemental Figure S2). As an additional characteriza-
tion of our model, it was determined that RhoA or RhoC silencing 
did not significantly modify the expression or the activity of Cdc42 
or Rac1 (Supplemental Figure S3). These data demonstrate a spe-
cific effect of RhoC silencing on the anchorage-independent growth 
properties of prostate cancer cells.

RhoC silencing regulates genes involved in cell proliferation 
and survival
To identify mechanisms involved in the regulation of PC-3 anchor-
age-independent growth, comparative analyses of gene expres-
sion profiles following silencing of RhoA or RhoC were carried out 
with Affimetryx microarrays. An additional analysis using siRhoC#2 
was performed to validate the regulations observed in the first 
experiment. The most significant differences are listed in Table 1. 
Several genes were up-regulated upon RhoC silencing while re-
maining unchanged or being down-regulated in RhoA-silenced 
PC-3. Among them, NAG-1, p21Cip1, p57Kip2, growth arrest and 
DNA damage gene 153 (GADD153), activating factor 3 (ATF-3), 

growth arrest and DNA damage gene 34, p8 protein, tribbles ho-
mologue 3, cystathionase, and homocysteine-inducible, endo-
plasmic reticulum stress–inducible, ubiquitin-like domain member 
1 are involved in signaling networks controlling cell growth arrest 
and apoptosis and in the endoplasmic reticulum stress response. 
Microarray results were confirmed by real-time PCR (Figure 2) 
and, at the protein level, by Western blot analysis (Figure 3A, 
lanes 1–4, and Supplemental Figure S4). Of interest, the expres-
sion level of SPARC (also called osteonectin), an extracellular ma-
trix component potentially involved in tumorigenesis (Hooi et al., 
2006), was repressed upon RhoC silencing and up-regulated upon 
RhoA silencing (Table 1). This antagonistic regulation was con-
firmed by real-time PCR (Figure 2) and Western blot analysis (Fig-
ure 3A). Our observations revealed the regulation of genes poten-
tially involved in the alteration of the cell phenotype following 
RhoC silencing.

Repression of NAG-1 reverses most of the gene regulation 
and the inhibition of anchorage-independent growth 
induced by RhoC silencing
NAG-1 was reported to regulate the expression of genes control-
ling proliferation and apoptosis (Kim et al., 2005). To address its 
role in the modulation of gene expression induced by RhoC si-
lencing, a simultaneous repression of RhoC and NAG-1 was per-
formed. As illustrated in Figure 3A, both proteins were efficiently 
silenced. In these conditions, the induction of p21Cip1, as evalu-
ated at the mRNA (Figure 4) and protein levels (Figure 3A), was no 
longer observed. The expression of all the other genes up-regu-
lated by RhoC silencing was sharply reduced by the simultaneous 
NAG-1 down-regulation (Figure 4), except for ATF-3 and p57Kip2, 
which were not significantly repressed (Supplemental Figure S5). 
The down-regulation of SPARC induced by RhoC silencing was 
also dependent on NAG-1 since cosilencing restored SPARC ex-
pression (Figure 3A). As NAG-1 appears to play a central role in 
the regulation of the PC-3 cell phenotype upon RhoC silencing, 
its expression was also tested in LnCaP and MCF-7 cells. As illus-
trated in Figure 3B, the silencing of RhoC in both cell types with 
siRhoC or siRhoC#2 significantly increased NAG-1 expression, 
demonstrating that this regulation applies to other cell types.

[AQ 1]

[AQ 2]

Fold change

siRhoC vs. Scr siRhoC#2 
vs. Scr

siRhoA vs. Scr

Array 1 Array 2 Array 1 Array 2

COBL-like 1 COBLL1 −2.3 −2 −1.9 −1.9 −1.2

Very low density lipoprotein receptor VLDLR −2.3 −2.1 −2 1.1 −1.1

Opsin 3 (encephalopsin, panopsin) OPN3 −2.3 −2 −1.6 1 −1.2

Retinol-binding protein 4 plasma RBP4 −2.3 −2.8 −1.9 1.1 −1.1

Urotensin 2 UTS2 −2 −3.2 −1.7 1.9 1.2

Solute carrier family 12 (sodium/potassium/
chloride transporters), member 2

SLC12A2 −2.1 −2.8 −2.1 1 1

Phosphofructokinase, platelet PFKP −2.1 −1.9 −2.1 −1.4 −1.2

T-cell receptor β constant 1 TRBC1 −2.5 −2 −2.1 −1.5 −1.1

Solute carrier family 2, member 1 SLC2A1 −1.5 −2.1 −2.5 1 1

Procollagen-proline 2-oxoglutarate 4-dioxyge-
nase (proline 4-hydroxylase) α polypeptide II

P4HA2 −1.6 −2 −2 −1.3 −1.4

Table 1:  Selected genes regulated in PC-3 cells following RhoA or RhoC silencing. (Continued)
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The role of NAG-1 in the repression of anchorage-indepen-
dent growth induced by RhoC silencing was addressed by trans-
fecting PC-3 cells with siRhoC alone or together with siNAG-1 
and tested for colony formation in soft agar. As illustrated in Fig-
ure 3C, the cosilencing of NAG-1 suppressed the inhibitory effect 
of RhoC repression. Similar results were obtained using LnCaP, 
although the reversal induced by silencing NAG-1 was not com-
plete (Figure 3D).

Altogether, these results demonstrate that NAG-1 is an essential 
mediator of the cell regulation induced by RhoC silencing.

RhoA overexpression leads to a similar phenotype 
to RhoC silencing
As clearly illustrated in Figure 1, an up-regulation of RhoA upon 
silencing of RhoC and the converse were consistently observed. 
This compensatory mechanism seems to be limited to the closely 
related members of the RhoA subclass (Supplemental Figure 
S3). It extends to other RhoGTPases, such as Rac1, for example, 

only if RhoA and RhoC are silenced simultaneously (Supplemen-
tal Figure S6). To assess whether the inhibition of anchorage-in-
dependent growth of PC-3 cells by siRhoC resulted from the 
direct repression of RhoC or from an up-regulation of RhoA, we 
generated clones expressing RhoA (PC-3/TR/RhoA) or RhoC 
(PC-3/TR/RhoC) in a doxycycline-dependent way. Western blot 
analysis revealed that RhoA overexpression decreased RhoC 
and conversely, whereas Rac1 and Cdc42 levels and activities 
remained unchanged (Figure 5A and Supplemental Figure S7). 
Similar to RhoC silencing, overexpression of RhoA induced up-
regulation of NAG-1 and p21CIP1 protein levels and repression 
of SPARC (Figure 5B). These effects were correlated to the level 
of RhoA overexpression (compare the levels of expression for 
clones 6 and 5). Moreover, the transient overexpression of RhoA 
in MCF-7 cells also induced the expression of NAG-1, suggest-
ing that the correlation between RhoC silencing and RhoA 

Figure 2:  Regulation of the expression of genes involved in growth 
arrest and of SPARC following RhoC or Rho-silencing. Real-time 
quantitative RT-PCR analysis was performed with total RNA purified 
from PC-3 cells 48 h after transfection with 20 nM of the various 
siRNA, either controls (ctrA and ctrC) or specific (siRhoA and siRhoC). 
Results are expressed as the mean ± SD of three independent 
experiments and confirms the microarray data reported in Table 1. 
*p < 0.05, **p < 0.01, ***p < 0.001, ANOVA, followed by Tukey–
Kramer analysis.
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overexpression is not cell type specific (Figure 5C). At a cellular 
level, RhoC overexpression did not affect the ability of three 
different clones to form colonies in soft agar (Figure 6A). By 
contrast, overexpression of RhoA significantly decreased the 
anchorage-independent growth of PC-3 (Figure 6B) in a dose-
dependent manner (Figure 5B, clones 6 and 5). These data high-
light the physiological consequences of the interdependence of 
RhoA and RhoC expression.

The regulation of PC-3 phenotype 
induced by down-regulation of RhoC, 
but not by overexpression of RhoA, 
depends on RhoGDIα
The silencing of RhoC increases the level of 
NAG-1, possibly as a result of RhoA accu-
mulation. This effect is strongly dependent 
on the presence of RhoGDIα, as illustrated 
in cells cotransfected with siRhoC and 
siRhoGDIα (Figure 7A). Furthermore, inter-
actions between RhoA and RhoGDIα are 
actually increased in PC-3 cells silenced for 
RhoC, as demonstrated by coimmunopre-
cipitation experiments (Figure 7D). These 
data suggest that reduction of RhoC levels 
makes the pool of cytoplasmic RhoGDIα 
more available for interacting and stabilizing 
RhoA. The cross-talks between RhoA and 
RhoC were further investigated in cells 
overexpressing RhoGDIα. Overexpression 

of RhoGDIα increases the basal levels of RhoA and RhoC (Supple-
mental Figure S8), whereas further induction of RhoA accumulation 
following RhoC silencing was clearly attenuated when RhoGDIα 
was overexpressed (Supplemental Figure S9), again suggesting that 
the limited availability of RhoGDIα takes part in the regulation of 
the cross-talk between RhoA and RhoC. The role of RhoGDIα was 
further tested on the regulation of the anchorage-independent 

Figure 4:  The up-regulation of the expression of several genes 
involved in growth arrest following RhoC silencing depends on 
NAG-1. Real-time quantitative PCR analysis of the expression of the 
indicated mRNA was performed with total RNA extracted from PC-3 
cells 48 h after transfection with 20 nM (or 40 nM) of specific controls 
for siRhoC (ctrC or ctrC[2X]), with 20 nM of siRhoC, or with 20 nM 
siRhoC + 20 nM of siNAG-1 (siRhoC + siNAG1). Results are the mean 
± SD of three independent experiments. *p < 0.05, **, p<0.01, 
***p < 0.001, ANOVA, followed by Tukey–Kramer analysis.
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Figure 5:  (A) Cross-regulation of the levels of RhoA and RhoC was 
evaluated by using PC-3 clones overexpressing RhoA (PC-3/TR/RhoA; 
clone 5) or RhoC (PC-3/TR/RhoC; clone 1) in a doxycycline-dependent 
way in the presence (+dox) or absence of doxycycline. After 48 h of 
culture in these conditions, cells were lysed and analyzed by 
immunoblotting with specific antibodies to RhoA, RhoC, Rac1, Cdc42, 
and Erk1/2. Representative blots of at least three independent 
experiments are shown. (B, C) Regulation of gene expression by RhoA 
overexpression. (B) Two clones of PC-3 cells overexpressing RhoA in a 
doxycycline-dependent way (PC-3/TR/RhoA) and a control clone 
(PC-3/TR/TO) were used. Cells were supplemented or not with 
doxycycline (100 ng/ml). After 48 h of culture, cells were lysed and 
analyzed by immunoblotting with specific antibodies to SPARC, 
p21Cip1, NAG-1, RhoA, RhoC, and Erk1/2. (C) MCF-7 cells were 
transiently transfected with control vector (pcDNA4/TO) or with RhoA 
expression vector (pcDNA4/TO/RhoA). At 48 h after transfection, 
cells were lysed and analyzed with specific antibodies to NAG-1, 
RhoA, and Erk1/2. Representative blots of at least three independent 
experiments are shown.
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mutant (RhoAR68E) unable to bind RhoGDIα but still able to activate 
the downstream effectors of wtRhoA were created. The overexpres-
sion of this mutant did not affect the level of RhoC but significantly 
increased the expression of NAG-1 and repressed the anchorage-
independent growth of PC-3 cells (Figure 8). Altogether, these data 
suggest that the effect of RhoC silencing in our model is indirect and 
results from the accumulation of RhoA through an increased avail-
ability of RhoGDIα for its stabilization. The regulations of cell pheno-
type are mediated by an increase of RhoA signaling rather than a 
decrease of RhoC signaling.

The regulation of NAG-1 following either RhoC silencing 
or RhoA overexpression depends on Rho kinase 
and p38 mitogen–activated kinase 
As illustrated in Figure 9A, RhoC silencing resulted in an accumu-
lation of RhoA but also in an increase of its activity as measured 
by pull-down assay. One main effector downstream of RhoA is 
Rho kinase. Its specific inhibition antagonized the induction of 
NAG-1 upon RhoC silencing (Figure 9B) and RhoA overexpres-
sion (Figure 9C). The inhibition of the p38 mitogen–activated ki-
nase (p38MAPK) pathway also repressed the induction of NAG-1 
in both conditions (Figure 9, D and E). Thus, Rho kinase and 
p38MAPK are necessary components of the signaling pathway 
mediating the regulation of NAG-1.

Silencing RhoC or overexpressing RhoA represses 
PC-3 cell migration
To further evaluate the relevance of the balance between RhoA 
and RhoC on cellular functions involved in tumorigenesis, we 
evaluated the effect of the modulation of RhoA and RhoC 
expression on the migratory properties of PC-3 cells in an in vitro 
scratch wound-healing assay. It clearly showed that silencing 
RhoC, but not RhoA, decreased the migratory properties of 
PC-3 cells. NAG-1 is not required for this effect since its cosi-
lencing together with RhoC did not restore the migratory ca-
pacities to PC-3 cells. Moreover, its sole overexpression did not 
modulate the migratory properties of PC-3 cells (Figure 10). 

Figure 7:  (A, B) The induction of NAG-1 expression following 
RhoC silencing, but not following RhoA overexpression, depends 
on RhoGDIα. (A) PC-3 cells or (B) PC-3/TR/RhoA were transfected 
with 20 nM of the indicated control and specific siRNA. Cells were 
supplemented (+dox) or not with 100 ng/ml doxycycline for 48 h 
and processed for Western blot analysis with specific antibodies to 
NAG-1, RhoA, RhoC, RhoGDIα, and Erk1/2. Representative 
analyses are illustrated. Bottom, the mean ± SD of densitometric 
analysis of three independent experiments. (C) RhoGDIα 
contributes to the inhibition of anchorage-independent growth 
following RhoC silencing. PC-3 cells were transfected with 20 nM 
of the indicated control and specific siRNA. 24 h posttransfection, 
cells were plated in soft agar as described in Materials and 
Methods. After two weeks of culture, colonies were counted in the 
whole dishes. Results are reported on the ctrC condition and are 
mean ± SD of three independent experiments. ***p < 0.001, 
ANOVA, followed by Tukey–Kramer analysis. (D) Increased 
RhoA-RhoGDIα association following RhoC silencing. At 48 h after 
transfection with 20 nM of the indicated siRNA, PC-3 cells were 
lysed. Clarified lysates were immunoprecipitated with specific 
antibodies to RhoGDIα. The whole lysates and the 
immunoprecipitates were subjected to Western blot analysis with 
specific antibodies to RhoA, RhoC, RhoGDIα, and Erk1/2. 
Representative analyses out of three independent experiments are 
shown.
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Figure 8:  The regulation of NAG-1 and the inhibition of anchorage-
independent growth are mediated by the up-regulation of RhoA 
independent of the repression of RhoC expression. (A–C) PC-3/TR/
RhoAR68E was supplemented (+dox) or not with 100 ng/ml 
doxycycline for 48 h and processed for Western blot analysis with 
specific antibodies to NAG-1, RhoA, RhoC, and Erk1/2. 
Representative analyses are illustrated. (B, C) The mean ± SD of 
densitometric analysis of three independent experiments. 
(D) PC-3/TR/RhoAR68E cells were plated in soft agar as described in 
Materials and Methods. Cells were supplemented (+dox) or not with 
weekly renewed doxycycline (100 ng/ml). After 2 wk of culture, 
colonies were counted in the whole dishes. Results are reported on 
the unsupplemented condition and are expressed as mean ± SD 
Representative results of three independent experiments are shown. 
**p < 0.01, ANOVA, followed by Tukey–Kramer analysis.
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growth of PC-3 cells. Silencing RhoGDIα alone did not affect 
the colony formation in soft agar by control PC-3 cells, but it signifi-
cantly reversed the inhibition induced by RhoC silencing (Figure 7C) 
illustrating its function as a regulator of cell phenotype. By contrast, 
inhibition of RhoGDIα did not influence the expression of NAG-1 
when recombinant RhoA was overexpressed upon induction by 
doxycycline (Figure 7B). To decouple the regulation of RhoA from 
that of RhoC, PC-3 cells overexpressing, in an inducible way, a RhoA 
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A similar assay was performed using cells inducible for RhoA 
or RhoC overexpression. In these conditions, high levels of 
RhoA clearly inhibited cell migration, whereas overexpression of 
RhoC had no significant effect. Moreover, the overexpression 
of RhoAR68E significantly reduced migration (Figure 11). 
Altogether, these data demonstrate that migration is also regu-
lated by the RhoA/RhoC balance but independent of NAG-1 
expression.

Intratumoral injection of siRNA targeting RhoC delays PC-3 
tumor growth, a process reversed by coinjecting siRNA 
targeting NAG-1
The role of NAG-1 in in vivo tumorigenesis was tested on PC-3 tu-
mor development in nude mice. Three weeks after subcutaneous 
injection of PC-3 cells, developing tumors (50–100 mm3) were 
locally treated with siRNA (ctrC, siRhoC, or siRhoC + siNAG-1) as 

described in Materials and Methods. The 
treatment was repeated 12 and 24 d later. 
Injection of siRhoC induced a strong inhibi-
tion of tumor growth as compared to the 
tumors receiving the ctrC (Figure 12). This 
effect was completely abolished by coin-
jecting siNAG-1, supporting a role for 
NAG-1 in the regulation of tumorigenic 
properties in vivo as observed in vitro.

DISCUSSION
RhoA, RhoB, and RhoC are the three mem-
bers of the same Rho subclass. Their dif-
ferential contribution to cancer progression 
is mediated by their specific effects on var-
ious cellular functions. RhoGTPases are 
well known for their action on the actin cy-
toskeleton, but they are also involved in 
the regulation of other cellular activities, 
including gene expression. For instance, 
the serum responsive factor can be acti-
vated through Rho-mediated cytoskeletal 
changes (Miralles et al., 2003), and RhoA 
can regulate c-jun through the ROCK-JNK 
pathways independent of its effect on the 
cytoskeleton (Marinissen et al., 2004). 
Three microarray analyses using cells over-
expressing RhoA, RhoB, and/or RhoC are 
available (Teramoto et al., 2003; Wu et al., 
2004; Berenjeno et al., 2007). It was shown, 
however, that a similar cellular transforma-
tion program was elicited by constitutively 
active RhoA, RhoB, or RhoC overexpres-
sion (Berenjeno et al., 2007). Although in-
formative, these experimental strategies 
are not fully relevant to the biological pro-
gram specifically activated by the different 
endogenous Rho proteins. In our work, the 
specific contributions of RhoA and RhoC 
in the tumorigenic phenotype were inves-
tigated by an inverse approach, by silenc-
ing RhoA and RhoC in cellular models 
expressing significant amounts of both 
RhoGTPases. Regarding the methodologi-
cal aspects, our results were validated by 
silencing each target with two different siR-

NAs and by using both irrelevant scrambled sequence and specific 
controls made of the siRNA sequence bearing two mutations that 
impede their silencing effect. Previous studies suggested that inhi-
bition of RhoC activity by expressing a dominant-negative RhoC 
mutant or of RhoA by short hairpin RNA affected the activation 
level of Rac1 (Simpson et al., 2004; Yao et al., 2006). This was not 
observed in our model, suggesting that such indirect effect does 
not contribute to the regulation observed here. This discrepancy 
could be related to the experimental model. These previous stud-
ies used cells obtained after treatment with a selection agent. It 
cannot be ruled out that the time required for the selection of 
transfected cells was sufficient to induce compensatory mecha-
nisms or to favor the counterselection of cells with the higher pro-
liferative potential. By contrast, our cells were efficiently trans-
fected with siRNA immediately before use, avoiding such potential 
side effect.

Figure 9:  Regulation of NAG-1 depends on the RhoA–Rho kinase pathway and on p38MAPK 
but not on Erk1/2. (A) RhoC silencing increased RhoA activity. PC-3 cells were transfected with 
20 nM of ctrC or with 20 nM of siRhoC. At 48h posttransfection, cells were harvested and 
processed for Western blot and pull-down experiments. An aliquot of each lysate was denatured 
in SDS–PAGE loading buffer to analyze the concentration of RhoC and Erk1/2 with specific 
antibodies. RhoA activity was determined as the amount of GST-RBD–bound RhoA (RhoA-GTP) 
normalized to Erk1/2 in whole-cell lysates. (B) PC-3 cells were transfected with 20 nM of ctrC or 
siRhoC and then treated or not with Y-27632 during 48 h. (C) PC-3/TR/RhoA cells were treated 
or not with doxycycline (100 ng/ml) and with Y-27632 (10 μM) or the vehicle alone during 48 h. 
(D) PC-3 cells were transfected with 20 nM of ctrC or siRhoC and then treated or not with the 
indicated concentrations of U0126 or SB203580 or vehicle alone during 48 h. (E)PC-3/TR/RhoA 
cells were treated or not with doxycycline (100 ng/ml) and with indicated concentration of 
SB203580 or SB202190 or vehicle alone during 48 h. Cells were lysed and analyzed by 
immunoblotting with specific antibodies to NAG-1, RhoA, RhoC, and Er1/2. Representative 
blots of at least three independent experiments are shown. *p < 0.05, **p < 0.01, ANOVA, 
followed by Tukey–Kramer analysis.
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Our experimental strategy was based on the analysis of gene 
expression profiles in RhoA- and RhoC-silenced tumoral prostate 
cancer cells. These investigations were completed by assessing 
the relevance of the gene regulation to models of in vitro tumori-
genic phenotype, that is, growth in soft agar and cell migration, 
and to in vivo tumor growth. Several genes specifically up-regu-
lated by RhoC silencing were most attracting since they are in-
volved in growth arrest and apoptosis and reported to be cross-
regulated (Jiang et al., 2004; Kim et al., 2005; Carracedo et al., 
2006; Zu et al., 2006; Clark et al., 2008). Among them, NAG-1 
seems to play a pivotal role in this network, as we demonstrated 
that it acts upstream by controlling the expression of most of the 
other siRhoC-regulated genes. A similar regulation of its expres-
sion was observed in two other cancer cell lines, one of prostatic 
and one of mammary lineage, suggesting that our observations 
are not restricted to a single cell type. NAG-1 is generally consid-

ered as part of the antitumoral repertoire of 
the cells (Bauskin et al., 2006). Here we 
showed that it contributes to the repres-
sion of the tumorigenic properties of PC-3 
and LnCaP cells upon RhoC silencing, as its 
inhibition restored, at least partly, the an-
chorage-independent growth of both cell 
types. It also reversed the up-regulation of 
genes involved in cell growth arrest and 
the repression of SPARC (or osteonectin), a 
component of the extracellular matrix dis-
playing protumorigenic properties in pros-
tatic cancer (Hooi et al., 2006; Chen et al., 
2007). Finally, the biological relevance of 
NAG-1 in Rho-mediated pathways was fur-
ther demonstrated in vivo in a model of 
tumorigenesis.

We and others recently reported direct 
cross-regulation within the Rho subclass 
(Simpson et al., 2004; Ho et al., 2008; 
Tillement et al., 2008; Steffan et al., 2009). 
As a result, the phenotypic modifications in-
duced by RhoC silencing in PC-3 cells might 
be due to either the repression of RhoC or 
the concurrent induction of RhoA or RhoB. 
Of interest, the use of inducible clones over-
expressing RhoA recapitulates most of the 
effects elicited by silencing RhoC, including 
down-regulation of RhoC. This demon-
strates that RhoA and RhoC are in equilib-
rium and cannot be studied separately. 
Shifting this balance toward RhoA, either by 
overexpressing RhoA or repressing RhoC, 
reduces migration and anchorage-indepen-
dent growth. In parallel, NAG-1 and p21CIP1 
are induced, whereas SPARC is repressed, 
through a Rho kinase–dependent pathway. 
It was noted that RhoB protein level is also 
regulated via cross-talks within the Rho sub-
class (Ho et al., 2008). However, the lack of 
correlation between RhoB expression level 
and the modulations of PC-3 cells pheno-
type (unpublished data), as well as the lack 
of effect of RhoB silencing on the inhibition 
of anchorage-independent growth follow-
ing RhoC inhibition, does not support its in-

volvement in the regulations reported here. RhoGDIα, a key regula-
tor of RhoGTPases cycling, prevents RhoGTPase degradation. Its 
knockout was reported to indeed decrease RhoA, Rac1, and Cdc42 
protein levels (Bielek et al., 2009). Previous work in our laboratory 
suggested a role for RhoGDIα in the cross-regulation observed 
within the Rho subfamily (Ho et al., 2008) that was recently con-
firmed and extended by Boulter et al. (2010). These cross-regula-
tions between RhoGTPases are driven by the competition for bind-
ing and stabilization by RhoGDIα, which is present in limited amount 
in the cell (Michaelson et al., 2001). This mechanism was confirmed 
here. Our data show that overexpression or silencing of RhoGDIα is 
accompanied, respectively, by increased or decreased levels of 
RhoA and RhoC and demonstrate that the dynamic balance be-
tween RhoA and RhoC is also regulated by the RhoGDIα availability. 
This hypothesis was further confirmed by using a RhoA mutant 
unable to bind RhoGDIα. Overexpression of this mutant did not 

Figure 10:  Silencing RhoC but not RhoA inhibited PC-3 cell migration independent of NAG-1. 
(A) PC-3 cells were transfected with 20 nM of ctrA, siRhoA, ctrC, or siRhoC or 20 nM siRhoC + 
20 nM of siNAG-1. Immediately after transfection, cells were seeded in six-well plates. Twenty-
four hours later, the monolayers were scratched. Phase-contrast microscopy photographs were 
taken immediately after wounding (0 h) and 48 h after wounding (48h). (B, D) Quantification of 
wound closure. The mean ± SD of at least four independent experiments. (C) PC-3/TR/NAG-1 
cells were seeded in six-well plates. Twenty-four hours later, the monolayers were scratched and 
treated (+dox) or not (–dox) with 100 ng/ml doxycycline. Phase-contrast microscopy 
photographs were taken immediately after wounding (0 h) and 48 h after wounding (48 h). Bar, 
250 μm. n.s., not significant; *p < 0.05, **p < 0.01, ANOVA, followed by Tukey–Kramer analysis.
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modify the level of RhoC. In sharp contrast, NAG-1 was induced, 
and both migration and anchorage-independent growth were re-
pressed. Altogether, our data indicate that the effects of RhoC si-
lencing are indirect and result from the regulation of RhoA level 
through competition for RhoGDIα (Figure 13). In this study, as in 
previously published reports (Deroanne et al., 2003, 2005; Ho et al., 
2008), we did not observe cross-regulation with other RhoGTPases 
such as Rac1 or Cdc42. In cell types expressing significant levels of 
RhoA and RhoC, a regulation of the expression of one of them au-

tomatically modifies the level of the other. This dynamic balance 
inside the Rho subgroup likely prevents the additional interactions 
between RhoGDIα and Rac1 (or Cdc42) as described by Boulter 
et al. (2010) in their models, where the level of RhoC is likely lower. 
According to this hypothesis, we observed that simultaneous knock-
downs of RhoA and RhoC are required to make RhoGDIα available 
for Rac1, thus increasing its stability and decreasing its activation 
level, likely through inhibition of the interaction between Rac1 and 
its GEFs. Our data also suggest that “preferential” RhoGDIα-
mediated cross-talks take place between closely related homo-
logues. The specific mechanisms regulating this type of cross-talk 
remained to be firmly identified. They may depend on different in-
trinsic affinities for RhoGDIα, on the relative abundance of the differ-
ent RhoGTPases, or on the regulating events able to modulate the 
affinity of RhoGDIα toward RhoGTPases through phosphorylation, 
thus adding one level of complexity in these networks (DerMardiro-
ssian et al., 2006; Dovas et al., 2010; Fei et al., 2010). Other, more 
indirect regulation also could be involved. It is worth noting, for 
example, that silencing RhoC increases the expression of Ccpg1 
(Table 1). Ccpg1 is known to interact with a RhoGEF and to decrease 
its activity toward RhoA (Kostenko et al., 2006). In this way, the over-
expression of Ccpg1 could indirectly and specifically favor the inter-
action between RhoA and RhoGDIα. Although RhoA and RhoC can 
likely regulate cellular functions independent of each other, these 
cross-talks must be taken into account in drawing conclusions from 
experiments using tools interfering with RhoGTPase function. They 
are also crucial for a better understanding of the physiological regu-
lations induced by miRNA targeting RhoA and RhoC (Ma et al., 
2007; Kong et al., 2008; Chiba et al., 2009; Jiang et al., 2010), for 
characterizing the effect of bacterial toxins that can inhibit the inter-
action between RhoGTPases and RhoGDIα (Huelsenbeck et al., 
2007), and for determining the consequences of RhoGTPases up- or 
down-regulation in various diseases, especially cancers.

MATERIALS AND METHODS
Reagents and cells
Y-27632 and U0126 were from Calbiochem (Hull, United Kingdom) 
and SB203580 was from Alexis (Zandhoven, Belgium). Mouse anti-
RhoA (sc-418), rabbit anti-RhoB (sc-180), goat anti-RhoC (sc-26480), 
rabbit anti-RhoGDIa (sc-360), rabbit anti-p21 (sc-397), rabbit 
anti-SPARC (sc-25574), goat anti–NAG-1 (sc-10603), and donkey 
anti–goat immunoglobulin G (IgG) (sc-2020) were from Santa Cruz 
Biotechnology (Boechout, Belgium). Rabbit anti–extracellular sig-
nal-regulated kinase (Erk) 1/2 (M-5670) was from Sigma-Aldrich (St. 
Louis, MO). The secondary horseradish peroxidase–conjugated 
rabbit anti-mouse IgG (P0260) and swine anti–rabbit IgG (P0217) 
were from DAKO (Heverlee, Belgium). PC-3 human prostate 
adenocarcinoma cells were cultured in F-12 Kaighn’s medium 
(Invitrogen, Merelbeke, Belgium) supplemented with 7% fetal bovine 
serum (FBS) (Lonza, Verviers, Belgium), human prostate carcinoma 
cells (LnCaP) were cultured in RPMI 1640 (Lonza) supplemented with 
7% FBS, and human breast adenocarcinoma cells (MCF-7) were cul-
tured in DMEM (Lonza) supplemented with 10% FBS.

siRNA transfection
The chemically synthesized, desalted, deprotected, and PAGE-puri-
fied 21-nucleotide-long siRNAs were from Eurogentec (Liège, 
Belgium). The sequences of the siRNA targeting RhoA (siRhoA and 
siRhoA#2) and RhoC (siRhoC and siRhoC#2), of the irrelevant siRNA 
used as control (siScr), and of the specific controls for siRhoA and 
siRhoC (ctrA and ctrC) were described previously (Ho et al., 2008). 
The siRNAs used to silence NAG-1 were as previously described 

Figure 11:  PC-3 cell migration is inhibited by the up-regulation of 
RhoA independent of the repression of RhoC expression. Confluent 
monolayers of PC-3/TR/RhoA (A), PC-3/TR/RhoC (B), or PC-3/TR/
RhoAR68E (C) cells were scratched and treated (+dox) or not (−dox) 
with 100 ng/ml doxycycline. Phase-contrast microscopy photographs 
were taken immediately after wounding (0 h) and 48 h after wounding 
(48 h). Right, quantification of wound closure. The results are 
expressed as mean ± SD of at least four independent experiments. 
Bar, 250 μm. ***p < 0.001, ANOVA, followed by Tukey–Kramer 
analysis.
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(Shim and Eling, 2005). Each pair of oligori-
bonucleotides was annealed at a concentra-
tion of 20 μM in 50 mM NaCl, 1 mM EDTA, 
10 mM Tris-HCl, pH 7.5. siRNA transfection 
was carried out as previously described 
(Deroanne et al., 2003). Briefly, calcium 
phosphate–mediated transfection was per-
formed overnight (14–16 h) on subconfluent 
cells at a final concentration of 20 nM siRNA. 
Cells were washed twice with phosphate-
buffered saline (PBS) and once with com-
plete medium. This last step was defined 
as time 0 posttransfection. Cells were lysed 
for Western blot or RT-PCR analysis 48 h 
posttransfection.

Microarray analysis
The effect of RhoA and RhoC silencing on 
the gene expression profile of PC-3 cells was 
assessed by microarray analysis using the 
Affymetrix (Santa Clara, CA) HG-U133 Plus 
2.0 chip containing 22,000 probe sets. Total 
RNA was isolated from siRNA-transfected 
cells using the High Pure RNA Isolation Kit 
(Roche Molecular Biochemical, Vilvoorde, 
Belgium). The integrity of the RNA was 
checked with the Agilent 2100 Bioanalyzer 
(Agilent Technologies, Santa Clara, CA). 
Probe synthesis hybridization, washing 
protocols, and signals scanning were per-
formed at the GenoTranscriptomics facility 
of the Groupe Interdisciplinaire de Génopro-
téomique Appliquée, University of Liège.

Real-time quantitative PCR
Total RNA was isolated from siRNA-trans-
fected cells using the High Pure RNA Isola-
tion Kit. A total of 1 μg of RNA was reversed 
transcribed using SuperScript II Reverse 
Transcriptase (Invitrogen). Real-time PCR 
was performed in a final volume of 20 μl 
containing 2 μl of cDNA (corresponding to 
10 ng of total RNA for GDF-15, p21Cip1, 
GADD153, ATF-3, SPARC, and p57Kip2 
amplification and corresponding to 0.1 ng 
of total RNA for glyceraldehyde-3-phos-
phate dehydrogenase [GAPDH] amplifi-
cation), 300 nM of each primer, and 10 μl 
of the qPCR MasterMix Plus for SYBR 
green (Eurogentec) in the Abi Prism 7000 
Sequence Detection system (Applied 
Biosystems, Halle, Belgium). The results 
were normalized to the GAPDH transcript.

Creation of PC-3 clones expressing 
RhoA, RhoC, RhoAR68E, RhoGDIα, or 
NAG-1 under the dependence of 
doxycycline
The clones expressing RhoA in a doxycy-
cline-dependent way and the expression 
vector for RhoAR68E were described previ-
ously (Ho et al., 2008). The entire coding 

Figure 12:  The in vivo antitumorigenic effect of the siRNA targeting RhoC is inhibited by 
coadministration of siRNA targeting NAG-1. After induction of tumor formation by 
subcutaneous injection of 2 × 106 PC-3 cells, 50 μl of a solution containing 10 μM of a specific 
control for siRhoC (ctrC), 10 μM of the first siRNA targeting RhoC (siRhoC), or 10 μM of the first 
siRNA targeting RhoC + 10 μM of the siRNA targeting NAG-1 (siRhoC + siNAG1) mixed with 
atelocollagen as described in Materials and Methods was injected into the tumor region on days 
21, 33, and 45. (A) Representative tumors photographed after sacrifice of the mice at day 48. 
(B) Tumor volume was calculated from tumor biaxial diameter measurement at regular interval 
up to day 48. Results represent the means ± SEM (n = 12 tumors). *p < 0.05, **p < 0.01, 
***p< 0.001, ANOVA, followed by Tukey–Kramer analysis.
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Figure 13:  Schematic overview of the RhoGDIα-mediated balance between RhoA and RhoC, 
resulting in modifications of the signaling pathway and leading to cancer cell growth and 
migration. (1) In basal condition, the activation of RhoA and RhoC is not sufficient to induce 
NAG-1 expression via ROCK. Cancer cells proliferate and migrate efficiently. (2) On RhoC 
silencing, the amount of RhoA-GDP stabilized by RhoGDIα and available for activation by 
specific GEF is increased. This leads to an enhanced level of RhoA-GTP, which drives NAG-1 
gene expression via ROCK. RhoA overexpression induces a similar phenotype. The shift of the 
balance toward RhoA also inhibits cell migration but through an NAG-1–independent 
pathway.
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Each assay was done in triplicate. Results are the means ± SD of 
three independent experiments.

Migration assay
Confluent monolayers of PC-3 cells were scraped with a 1-ml pi-
pette tip to create a wound. Immediately after wounding and 48 h 
later, different fields of each wound were photographed with a 
phase-contrast microscope. Each experiment was repeated at 
least four times. Cell migration was quantified by image analysis 
with the Quantity One software from Bio-Rad (Hercules, CA). The 
measurements of the cell-free surface and of the total surface cov-
ered by the cells were used to calculate the percentage of wound 
closure in each condition. Representative photographs of each 
condition are shown.

Tumorigenicity studies in nude mice
A volume of 200 μl of serum-free medium containing 2 × 106 PC-3 
cells was inoculated into both flanks of 4-wk-old male nude (athy-
mic) mice by using a 27-gauge needle (n = 6). After 3 wk, the tumors 
had reached an average volume of 50–100 mm3. They were then 
injected with 50 μl of siRNA (10 μM) mixed with atelocollagen 
(2.5 mg/ml) in PBS at days 21, 33, and 45. Tumor growth was as-
sessed by measuring the length and width of tumors, and the vol-
ume was determined by using the following formula: (length) × 
(width)2 × 0.4. Data are presented as means ± SEM. This experimen-
tal protocol was approved by the Animal Ethics Committee of the 
University of Liège.

sequences of human RhoC, human RhoGDIα, and human NAG-1 
were amplified by RT-PCR, cloned into pcDNA4/TO (Invitrogen), 
and sequenced. Clones of PC-3 cells expressing a high level of tet-
racycline repressor (PC-3/TR) isolated as previously described (Ho 
et al., 2008) were transfected with pcDNA4/TO/RhoC, pcDNA4/
TO/RhoAR68E, pcDNA4/TO/RhoGDIα, or pcDNA4/TO/NAG-1 
and selected in medium supplemented with 1 μg/ml blasticidin + 
200 μg/ml Zeocin. Several clones expressing RhoAR68E, RhoC, 
RhoGDIα , or NAG-1 in a doxycycline-dependent way (PC-3/TR/
RhoC, PC-3/TR/RhoGDIα, PC-3/TR/NAG-1) were isolated and used 
in this study.

Western blotting
Cells were lysed in SDS–PAGE lysis buffer, and proteins were sepa-
rated by PAGE. Proteins were transferred to a polyvinylidene fluo-
ride transfer membrane (NEN Life Science Products, PerkinElmer, 
Waltham, MA). Membranes were blocked for 1 h with 3% dry milk in 
PBS–0.05% Tween 20 and incubated for 4 h with the diluted primary 
antibody. Membranes were then washed three times, incubated in 
the diluted secondary horseradish peroxidase–conjugated antibody 
for 1 h, and revealed by chemiluminescence using the ECL Kit 
(Amersham Biosciences, GE Healthcare, Piscataway, NJ) and x-ray 
film exposure. The membranes were reprobed with anti–Erk1/2 an-
tibodies to control protein loading.

GTPase activity assay
The assay was carried out as previously described (Sander et al., 
1999; Deroanne et al., 2003). Briefly, cells were chilled on ice and 
lysed in ice-cold buffer containing 1% Triton X-100, 25 mM 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.3, 
150 mM NaCl, 4% glycerol, 0.1 mM 4-(-2-aminoethyl)benzenesul-
fonyl fluoride hydrochloride (AEBSF), and 4 μg/ml aprotinin. 
Lysates were centrifuged for 6 min at 16,000 × g. Supernatants 
were immediately frozen in liquid nitrogen and stored at –80°C 
until used. An aliquot of each supernatant collected before freez-
ing was denatured in SDS–PAGE lysis buffer to measure the total 
RhoGTPase content by Western blotting. For pull-down assays, 
supernatants were incubated for 30 min with 30 μg of GST-PBD 
protein containing the Cdc42- and Rac-binding region of PAK-1B 
or 30 μg of GST-RBD protein containing the RhoA-binding region 
of Rhotekin, both affinity linked to glutathione–Sepharose beads. 
The beads were washed four times in lysis buffer and boiled in 
60 μl of SDS–PAGE lysis buffer.

Immunoprecipitation
PC-3 cells were chilled on ice and lysed in buffer containing 0.5% 
Nonidet NP-40, 50 mM Tris/HCl, pH 7.4, 50 mM NaCl, 1 mM MgCl2, 
50 mM NaF, 10% glycerol, 0.1 mM AEBSF, and 4 μg/ml aprotinin. 
Lysates were centrifuged for 5 min at 16,000 × g. An aliquot of each 
supernatant was denatured in SDS–PAGE lysis buffer to measure the 
total RhoGTPase content by Western blotting. Supernatants were 
incubated with 2 μg of rabbit anti-RhoGDIα. After 2 h of incubation 
at 4°C, 30 μl of protein A–Sepharose beads was added for 1 h to 
capture immune complexes. Beads were washed four times in ice-
cold lysis buffer and boiled in 60 μl of SDS–PAGE lysis buffer.

Soft agar assay
Anchorage-independent growth was determined by soft agar assay 
(Laboisse et al., 1981). A total of 2 × 103 siRNA-transfected PC-3 
cells was plated in 60-mm dishes in growth medium containing 0.3% 
agar, on top of a 0.6% agar gel. After 15 d, colonies were counted 
in the whole dishes using an inverted phase-contrast microscope. 
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ETOC:

The intracellular levels and activity of RhoA and RhoC, two closely related homologues of the RhoGTPase family, are interdependent, 
and their cross-talk requires RhoGDIα. This dynamic balance regulates the activation of the ROCK downstream effector and the 
expression of several genes, including NAG-1, that alter tumorigenesis in vitro and in vivo.
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