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Abstract
decreased RhoC activation. RhoC promoted bladder cancer cell
growth and invasion, as knockdown increased cell doubling time,
decreased invasion through Matrigel, and decreased colony formation in soft agar. Importantly, RhoC knockdown reduced in
vivo lung colonization by bladder cancer cells following tail vein
injection in immunocompromised mice. Finally, unbiased transcriptome analysis revealed a set of genes regulated by RhoGDI2
overexpression and RhoC knockdown in bladder cancer cells.

Introduction

RhoGDI2 suppresses bladder cancer metastasis in animal models
(8).
The signaling pathways through which RhoGDI2 suppresses
bladder cancer metastasis are gradually being elucidated. A
recent study found that RhoGDI2 suppressed the expression
of the proteoglycan versican and that versican was necessary
to promote inﬂammation in the metastatic niche to enable
tumor cell survival (9). Similarly, RhoGDI2 suppresses expression of endothelin (10), a vasoconstricting factor shown to
be pro-metastatic in bladder (11). However, the signaling
mechanisms for RhoGDI2 negative regulation of versican or
endothelin expression are unknown.
Rac1 has been shown to be the primary binding partner of
RhoGDI2 in coexpression assays in HEK293 cells (12). Binding
of RhoGDI2 to RhoA or Cdc42 is as much as 10 times lower
than that of RhoGDI1 (13, 14). Modulation of RhoGDI2 levels
in bladder cancer cells did not cause a decrease in Rac1
activation as would be expected, but rather an increase in Rac1
activation (15), suggesting that RhoGDI2 does not suppress
bladder cancer metastasis through Rac1. Given this and the
canonical function of the RhoGDI protein family, we hypothesized that RhoGDI2 may be binding to alternative Rho family
GTPases to suppress metastasis. Here, we identify RhoC as a
prominent binding partner of RhoGDI2 and show that
RhoGDI2 modulates RhoC activity in cells. We further show
that RhoC promotes lung colonization of bladder cancer cells
providing a new mechanism for how RhoGDI2 functions as a
metastasis suppressor in bladder cancer and thus a rationale for
the development of therapeutics that target RhoC-activated
kinases for potential use in the adjuvant setting in patients
with advanced primary tumors.

Rho family GTPases are widely associated with a variety of
cellular responses, including cell morphology and motility (1),
and inappropriate activation of Rho GTPases has been correlated
with increased migration, invasion, and metastasis of cancer
cells (2, 3). Guanine nucleotide dissociation inhibitors (GDI)
bind to GTPases, sequester them in the cytosol, and negatively
regulate GTPases by occluding the binding site of other GTPase
regulatory proteins (4). The Rho family of GTPases is regulated by
3 related GDI proteins, RhoGDI1, 2, and 3. Reduced expression of
RhoGDI2 in human bladder cancer and in other cancers is a
prognostic indicator of metastasis and is associated with shorter
disease-free survival times (5–7), and experimental expression of
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RhoGDI2 (ARHGDIB) suppresses metastasis in a variety of
cancers but the mechanism is unclear, thus hampering development of human therapeutics. RhoGDI2 is a guanine nucleotide
dissociation inhibitor (GDI) for the Rho family of GTPases
thought to primarily bind to Rac1; however, Rac1 activation was
not decreased by RhoGDI2 expression in bladder cancer cells. To
better understand the GTPase-binding partners for RhoGDI2, a
mass spectrometry–based proteomic approach was used in bladder cancer cells. As expected, endogenous RhoGDI2 coimmunoprecipitates with Rac1 and unexpectedly also with RhoC. Further
analysis demonstrated that RhoGDI2 negatively regulates RhoC,
as knockdown of RhoGDI2 increased RhoC activation in response
to serum stimulation. Conversely, overexpression of RhoGDI2

Implications: RhoGDI2 suppresses bladder cancer metastatic
colonization via negative regulation of RhoC activity, providing
a rationale for the development of therapeutics that target RhoC
signaling. Mol Cancer Res; 13(3); 483–92. 2014 AACR.
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Materials and Methods
Cell culture
Cells were maintained as follows: RT4 cells, McCoy 5A supplemented with 10% FBS (Gibco); UMUC3 and LuL2 cells, MEM
supplemented with 10% FBS and 1 mmol/L sodium pyruvate;
T24 and T24T cells, DMEM/F12 supplemented with 5% FBS. All
cells were cultured in a humidiﬁed 5% CO2 atmosphere at 37 C.
UMUC3 cells expressing GFP or GFP-GDI2 were described previously (15). LuL2 cells were previously described (16).

Mass spectrometry
RhoGDI2 immunoprecipitates were eluted with Lamelli sample buffer and resolved on a 4% to 20% Criterion TGX gel
(BioRad). Gel was silver stained with ProteoSilver Plus Silver
stain kit (Sigma) according to manufacturer's protocol, and a gel
piece from 15 to 23 kDa was excised. Sample was transferred to a
siliconized tube and washed and destained in 200 mL 50%
methanol overnight. Sample was dehydrated in acetonitrile,
rehydrated in 30 mL of 10 mmol/L dithiolthreitol (DTT) in 0.1
mol/L ammonium bicarbonate, and reduced at room temperature for 0.5 hours. Sample was alkylated in 30 mL 50 mmol/L
iodoacetamide in 0.1 mol/L ammonium bicarbonate at room
temperature for 0.5 hours, dehydrated in 100 mL acetonitrile, and
then rehydrated in 100 mL 0.1 mol/L ammonium bicarbonate.
Sample was dehydrated in 100 mL acetonitrile and then completely dried by vacuum centrifugation. Sample was rehydrated in 20
ng/mL trypsin in 50 mmol/L ammonium bicarbonate on ice for 10
minutes and then 20 mL 50 mmol/L ammonium bicarbonate
added. Sample was digested overnight at 37 C and peptides
extracted from the polyacrylamide in two 30 mL aliquots of
50% acetonitrile/5% formic acid. Extracts were combined and
evaporated to 15 mL for mass spectrometric (MS) analysis.
The LC/MS system consisted of a Thermo Electron Orbitrap
Velos ETD mass spectrometer system with a Protana nanospray
ion source interfaced to a self-packed 8 cm  75 mm ID Phenomenex Jupiter 10 mm C18 reversed-phase capillary column. Seven
microliter aliquots of the extract were injected and the peptides
eluted from the column by an acetonitrile/0.1 mol/L acetic acid
gradient at a ﬂow rate of 0.5 mL/min over 0.5 hours. The nanospray
ion source was operated at 2.5 kV. The digest was analyzed using
the double-play capability of the instrument acquiring full-scan
mass spectra to determine peptide molecular weights followed by
product ion spectra to determine amino acid sequence in sequential scans. Data were analyzed using the Sequest search algorithm
against Human IPI.
Western blotting
Western blot images were acquired on an Odyssey Infrared
Imaging System (Licor Biosciences) using anti-Rac1 and anti-
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Rho-GTP pull-down assays
Serum-starved cells treated as indicated were lysed in ice-cold
buffer (50 mmol/L Tris-HCl, pH 7.4, 2 mmol/L MgCl2, 1% TritonX100, 10% glycerol, 100 mmol/L NaCl, 1 mmol/L DTT) containing 15 mg per reaction GST-Rhotekin-RBD protein (Cytoskeleton).
Extracts were clariﬁed at 13,000 rpm for 6 minutes and incubated
with glutathione sepharose beads for 45 minutes at 4 C with
rotation. Pull downs were washed 3 times with ice-cold lysis
buffer and subjected to SDS-PAGE and Western blotting.
Generation of shRNA stable cell lines
T24 cell lines stably expressing control or RhoGDI2-targeted
shRNAs and T24T cell lines stably expressing control or RhoCtargeted shRNAs were generated using lentiviral transduction
particles as previously reported (17). Following lentiviral infection, T24 cells were selected using 1 mg/mL of puromycin and
T24T cells were selected with 100 mg/mL hygromycin. The following vectors were used: pLKO.1 control (RHS4080) and
shRhoGDI2 (TRCN0000047413; Thermo Scientiﬁc). The following RhoC shRNAs were used: shRhoC-1 sense, GAACUAUAUUGCGGACAUU; shRhoC-1 anti-sense, CUUGAUAUAACGCCUGUAA; shRhoC-2 sense, CCAGCACUUUAUACACUUC;
shRhoC-2 antisense, GGUCGUGAAAUAUGUGAAG.
Doubling time, invasion and soft agar assays
Doubling time was determined by counting cells every 24 hours
for a 96-hour period. For invasion assays, 4  105 cells in serumfree media were seeded in the top chamber of a Corning BioCoat
Matrigel Invasion Chamber (Corning) and allowed to migrate
toward media containing 5% FBS for 16 hours. Cells were
removed from the upper well. Invaded cells were ﬁxed and stained
with Differential Quik Stain Kit staining solution (Polysciences
Inc.) and then counted using a gridded cover slip. For soft agar
assays, 4  104 cells were seeded in growth media with 0.4%
agarose above a layer of 0.6% agarose in growth media. After 3week incubation at 37 C and 5% CO2, colonies were stained by
incubation with 0.5 mg/mL MTT for 4 hours and then scanned
and quantiﬁed using ImageJ software.
Experimental metastasis assay
Five-week-old female athymic NCr nu/nu mice (Charles
River), maintained in accordance with University of Virginia
ACUC guidelines, were inoculated via tail vein injection with
2  106 T24T cells or 1  106 LuL2 cells expressing the
indicated shRNAs. Seven or 4 weeks after injection of T24T
cells or LuL2 cells, respectively, mice were sacriﬁced and
human tumor burden in the lung was assessed by quantitative
real-time PCR with a human-speciﬁc 12p TaqMan probe and
primer set using 3 mg of gDNA isolated from the left lung lobe
(16, 18). Animal experiments were performed twice for control and shRhoC-1 cells. Results of experiments were combined and statistical analysis was performed. Incidence was
analyzed using Bernard exact test. For analysis of non-zero
samples only or both 0 and non-zero samples, the Mann–
Whitney test was applied.

Molecular Cancer Research

Downloaded from http://aacrjournals.org/mcr/article-pdf/13/3/483/3129941/483.pdf by guest on 25 September 2022

RhoGDI2 immunoprecipitation
A total of 2.5  106 RT4 cells seeded on a 10-cm dish were
grown to conﬂuency for 72 hours. Cells were lysed in buffer (50
mmol/L HEPES, pH 7.1, 5 mmol/L MgCl2, 1 mmol/L EGTA, 0.5%
Triton X-100), and lysates were passed 10 times through an 18-G
needle, then clariﬁed at 100,000  g for 30 minutes via ultracentrifugation. The clariﬁed lysate was incubated for 2 hours at 4 C
with rotation with RhoGDI2 antibody (Spring Bioscience) crosslinked to Protein A agarose, then beads were washed and centrifuged 3 times with lysis buffer.

RhoG (Millipore); anti-Cdc42, anti-RhoA, and anti-RhoC (Cell
Signaling); anti-D4-GDI (RhoGDI2; Spring Bioscience); antiRhoGDI1 (Santa Cruz Biotechnology); and anti-tubulin (Sigma).

RhoC Is Negatively Regulated by RhoGDI2
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rank-sum test, and the fold change (FC) of average gene expression in the tumor samples relative to average expression in the
normal samples was reported. The RhoC/RhoGDI2 signature was
analyzed by normalizing each gene in the signature to have a
mean of 0 and a SD of 1. A signature score was then calculated by
subtracting the sum of the (normalized) expression values of all
upregulated genes from the sum of the expression values of all
downregulated genes. Therefore, a sample with a lower RhoC/
RhoGDI2 signature score indicates greater similarity to RhoC
knockdown or RhoGDI2 expression than a sample with a higher
score. The ability of the signature score to distinguish between
normal and tumor samples was evaluated using the area under the
receiver operating characteristic curve (AUC), with AUC > 0.50
indicating the signature score is higher in tumor than normal
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Figure 1.
RhoGDI2 binds Rac1 and RhoC in
bladder cells. A, endogenous RhoGDI2
was immunoprecipitated from RT4
bladder cancer cell extracts, and
immunoprecipitates were probed by
Western blotting for the recovery of the
indicated GTPases. Increasing amounts
of total protein were used to create a
standard curve to quantify the relative
amount of each GTPase
coimmunoprecipitating with RhoGDI2.
Left, representative Western blots.
Right, results expressed as percent of
total GTPase bound to RhoGDI2
presented as the mean  SE (n ¼ 3).
P < 0.001, one-way ANOVA. B,
endogenous RhoGDI1 was
immunoprecipitated from RT4 bladder
cancer cell extracts and analyzed for
GTPase coimmunoprecipitation as
above. Left, representative Western
blots. Right, results expressed
as percent of total GTPase bound
to RhoGDI1 presented as the mean  SE
(n ¼ 3). P < 0.01, one-way ANOVA. C
and D, endogenous RhoGDI2 from T24
bladder cancer cells (C) or GFPRhoGDI2 expressed in UMUC3 cells (D)
was immunoprecipitated and analyzed
by Western blotting for
coimmunoprecipitation of the
indicated GTPases. Representative
Western blotting of 3 independent
experiments is shown.
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Microarray analysis
Total RNA from exponentially growing T24T cells expressing
shControl or shRhoC-1 was puriﬁed using the RNeasy Mini Kit
(Qiagen). RNA was hybridized to GeneChip Human Transcriptome Array 2.0 arrays (Affymetrix). Microarray data was analyzed
as described (10) and sorted on the basis of an FDR P < 0.05.
Expression of selected genes was analyzed in 2 patient cohorts
with publicly available microarray data. Gene expression data
were obtained from publication (19) and from Gene Expression
Omnibus, Accession #GSE13507 (20). Microarray probes were
converted to gene symbols based on Affymetrix or Illumina
annotation. If a gene had multiple probes, we selected the probe
with the highest mean expression across all samples (21). Differential expression was assessed using the nonparametric Wilcoxon
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samples. The Wilcoxon rank-sum test was used to assess whether
the AUC differed from 0.5 (i.e., what would be expected by
random chance).
Quantitative real-time PCR
Total RNA from was puriﬁed from cells using the RNeasy Mini
Kit and reverse transcribed with Superscript III kit (Invitrogen)
according to manufacturer's instructions. The resulting ﬁrst-strand
cDNA was subjected to quantitative PCR using the SYBR green
detection system (Bio-Rad). The sequences of primers used were:
MREG-CAGGTTCGAAGGGAAGTAAGAA and TCACTGATGGTGCTGAGTTTAG; KRT8-GCAGAACAAGATGCTGGAGA and CCGCCTAAGGTTGTTGATGTA. Conditions for ampliﬁcation were:
95 C for 3 minutes, followed by 40 cycles of 95 C for 10 seconds
and 60 C for 30 seconds. KRT8 or MREG expression was normalized to endogenous ACTB and analyzed according to the
2DDCt method (22).

Results
RhoGDI2 preferentially binds to Rac1 and RhoC in bladder
cancer cells
RhoGDI2 is an established suppressor of bladder cancer metastasis that is thought to predominantly bind to Rac1, in comparison to other GTPases, such as RhoA or Cdc42, that it binds with
much less afﬁnity (12, 23). Knockdown or overexpression of
RhoGDI2 protein in bladder cells does not decrease Rac1 or RhoA
activation (15), suggesting that other GTPases may be responsible
for the metastasis suppressor actions of RhoGDI2. To determine
which GTPases are binding partners for RhoGDI2 in bladder cells,
endogenous RhoGDI2 was immunoprecipitated from RT4 cells, a
noninvasive, nonmetastatic human bladder cancer cell line (24).
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Figure 2.
RhoGDI2 suppresses RhoC activation
in bladder cells. A, extracts from T24
bladder cancer cells with stable
expression of control shRNA or shRNA
for RhoGDI2 were assayed for levels of
RhoC-GTP in response to FBS
stimulation (2.5%, 5 minutes) using
Rhotekin pull-down assays. Top,
representative Western blots. Bottom,
results expressed as percentage of
RhoC activation relative to shControl
cells treated with FBS presented as the
mean  SE (n ¼ 3).   , P < 0.01. B,
extracts from UMUC3 cells with stable
expression of GFP or GFP-RhoGDI2
were assayed for levels of RhoC-GTP
in response to FBS stimulation (5%, 5
minutes) using Rhotekin pull-down
assays. Top, representative Western
blots. Bottom, results expressed as
percentage of RhoC activation relative
to GFP cells treated with FBS
presented as the mean  SE (n ¼ 3).

, P < 0.01.

Molecular Cancer Research

Downloaded from http://aacrjournals.org/mcr/article-pdf/13/3/483/3129941/483.pdf by guest on 25 September 2022

Statistical analysis
All data were analyzed using 2-tailed Student t test unless
otherwise speciﬁed.

Proteins coimmunoprecipitating with RhoGDI2 were separated
by SDS-PAGE and silver stained, and a band spanning about 15 to
23 kDa in size was excised from the gel and analyzed by MS. Seven
Rho family GTPases were identiﬁed, including Rac1, Rac2, Cdc42,
RhoA, RhoB, RhoC, and RhoG (Supplementary Table S1).
To quantitatively determine the fraction of each GTPase bound
to RhoGDI2, Western blotting was performed on RhoGDI2
immunoprecipitates alongside a standard curve of increasing
amounts of total cell extract (Fig. 1A, left). Blots were quantiﬁed
by ﬂuorescent staining, and the amount of each GTPase present in
the immunoprecipitate was ﬁt to the corresponding standard
curve. We normalized for recovery of RhoGDI2 in the immunoprecipitate to calculate the percent of the total GTPase in the
extract that was bound to RhoGDI2 (Fig. 1A, right). In agreement
with published reports, more Rac1 coimmunoprecipitated with
RhoGDI2 compared with the other GTPases (38% of total
Rac1). Interestingly, RhoC was second among the GTPases in
terms of fraction coimmunoprecipitated with RhoGDI2 (27% of
total). Only small fractions of RhoA and RhoG associated with
RhoGDI2, and Cdc42 was not detected in immunoprecipitates,
likely due to the low level of Cdc42 associated with RhoGDI2.
Rac2 and RhoB were not detected in total extracts or immunoprecipitates, which may reﬂect the low abundance of these proteins in RT4 cells or a lack of antibody sensitivity. These results
suggested that RhoGDI2 may be an unappreciated negative regulator of RhoC activation in bladder cells. This is especially
pertinent because RhoC is proposed to be prometastatic in a
variety of cell types (25–28), and RhoGDI2 may serve to block
those actions.
We explored the GTPase-binding partners of RhoGDI1 in
bladder cells as a comparison to RhoGDI2. RhoGDI2 primarily
affects metastasis, whereas the ubiquitously expressed RhoGDI1
protein affects primary growth of bladder cancer cells (15).
Coimmunoprecipitation experiments using RT4 bladder cancer
cells showed that RhoGDI1 exhibited a different speciﬁcity proﬁle
from RhoGDI2, binding large fractions of RhoA and RhoC, and to
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lesser extents, Rac1, Cdc42, and RhoG (Fig. 1B). These results
illustrate the differential binding afﬁnities of RhoGDI1 and
RhoGDI2 for GTPases in bladder cells and may, in part, account
for the differential effects of RhoGDI1 and RhoGDI2 on bladder
cancer growth and metastasis.
To verify that the RhoC/RhoGDI2 interaction was not celltype–speciﬁc, we also assayed Rho family GTPase binding to
RhoGDI2 in 2 other human bladder cancer cell lines. RhoC and
Rac1 coimmunoprecipitated with endogenous RhoGDI2 in T24
nonmetastatic human bladder cancer cells (Fig. 1C) and with
ectopically expressed GFP-RhoGDI2 in UMUC3 metastatic bladder cancer cells that do not express appreciable levels of endogenous RhoGDI2, indicating that RhoGDI2 forms a stable complex
with RhoC in multiple bladder cancer cell lines (Fig. 1D). Coim-
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Figure 3.
Knockdown of RhoC reduces invasion and
colony formation of bladder cells. A,
expression of Rho family GTPases in T24T
cells following stable knockdown of RhoC by
shRNA with different sequences.
Representative Western blotting is shown. B
and C, extracts from T24T bladder cancer
cells with stable knockdown of RhoC were
assayed for levels of (B) Rac1-GTP in
response to EGF stimulation (100 ng/mL, 1
minute) or (C) RhoA-GTP in response to FBS
stimulation (5% FBS, 5 minutes) using pulldown assays. Top, representative Western
blots. Bottom, results expressed as
percentage of Rac1 or RhoA activation
relative to shControl cells treated with EGF
or FBS presented as the mean  SE (n ¼ 3). n.
s., not signiﬁcant. D, doubling time for T24T
cells expressing shCont or shRhoC-1 was
determined by counting cells at 24-hour
intervals for 96 hours. Bar graph shows the
mean doubling time  SE (n ¼ 3).  , P < 0.05.
E, invasion of T24T cells expressing shCont
or shRhoC-1 through Matrigel was
determined using a Transwell assay. Results
expressed as percentage of invasion relative
to shControl cells presented as the mean 
SE.  , P < 0.05. Independent experiments (n
¼ 3) were performed in triplicate. F, colony
formation in soft agar was assessed in T24T
cells expressing shCont or shRhoC-1. Top,
bar graph indicates the number of colonies
formed and is presented as the mean  SE.  ,
P < 0.05. Bottom, representative pictures of
colonies. Independent experiments (n ¼ 3)
were performed in triplicate.

shRNA

shRhoC-1

shRhoC-1

munoprecipitation of RhoA, RhoG, and Cdc42 with RhoGDI2
was not detected in T24 or UMUC3 cell lines, thus leading us to
focus our analysis on the functional consequence of the RhoC/
RhoGDI2 interaction. Interaction of RhoC with RhoGDI2
appears to be cell-type–speciﬁc, as coimmunoprecipitation of
RhoC with RhoGDI2 was detected in MDA-MB-231 breast cells
but not Jurkat lymphocyte cells or OVCAR-4 ovarian cells
(Supplementary Fig. S1).
RhoGDI2 modulates activation of RhoC in bladder cancer cells
To determine whether RhoGDI2 binding to RhoC has a functional effect on RhoC activation in bladder cancer cells, we
performed RhoC pull-down assays using a GST–Rhotekin fusion
protein that preferentially binds to the GTP-bound as opposed to
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Figure 4.
Depletion of RhoC reduces incidence of lung colonization of bladder cancer
cells. A, graph representing incidence of lung colonization 7 weeks after tail
vein injection of T24T bladder cancer cells expressing shControl or shRhoC-1.
P ¼ 0.05, Barnard exact test. Open bar, mice with no lung colonization;
shaded bar, mice with lung colonization. B, plot comparing lung burden in
animals injected with T24T cells expressing shControl or shRhoC-1 as
measured by human DNA-speciﬁc qPCR ampliﬁcation of lung gDNA. Mean is
indicated on a log scale. P ¼ 0.28, analysis of non-zero values only, Mann–
Whitney test. C, graph representing incidence of lung colonization 4 weeks
after tail vein injection of LuL2 bladder cancer cells expressing shControl or
shRhoC-1. P ¼ 0.003, Barnard exact test. Open bar, mice with no lung
colonization; shaded bar, mice with lung colonization.

T24T cells expressing shRhoC-2 (Supplementary Fig. S3). We also
performed experimental metastasis assays with LuL2 cells expressing nontargeting control shRNA or shRhoC-1 (Supplementary
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RhoC promotes lung colonization of bladder cancer cells
To link metastatic suppressor activity of RhoGDI2 to suppression of RhoC activation, we ﬁrst asked whether RhoC is prometastatic in bladder cancer cells. Different shRNAs targeting unique
sequences were used to knockdown RhoC in T24T metastatic
bladder cancer cells (Fig. 3A). RhoC shRNA #1 (herein identiﬁed
as shRhoC-1) stably depleted RhoC by approximately 50% in
T24T cells, without affecting the expression of RhoA, Rac1, or
Cdc42. RhoC shRNA #2 (herein identiﬁed as shRhoC-2) almost
completely eliminated RhoC in T24T cells but also triggered a
compensatory increase in RhoA protein levels. This compensatory
phenomenon has been seen in other cell types (29) and to avoid
the potentially confounding effects of increased RhoA expression,
we chose to perform the majority of experiments with cells
expressing shRhoC-1. These cells would more accurately model
the effect of RhoGDI2 in bladder cancer cells as our results show
that modulation of RhoGDI2 levels in bladder cancer cells
reduced RhoC activation by about 30%. Activation of Rac1 in
response to EGF stimulation (Fig. 3B) or of RhoA in response to
FBS stimulation (Fig. 3C) was not affected by RhoC knockdown in
shRhoC-1 cells, further indicating that knockdown of RhoC with
shRhoC-1 did not interfere with signaling of these GTPases.
Knockdown of RhoC slowed down growth and increased the
doubling time of cells (15  0.4 hours for control vs. 16  0.3
hours for shRhoC-1 cells, P < 0.05; Fig. 3D), signiﬁcantly
decreased invasion of T24T cells through Matrigel (P < 0.05; Fig.
3E), and reduced growth in soft agar (P < 0.05; Fig. 3F). Similar
reductions in invasion and growth in soft agar were seen upon
RhoC knock down in Lul2 cells, a second metastatic bladder
cancer cell line (Supplementary Fig. S2).
T24T cells expressing either nontargeting control shRNA or
shRhoC-1 were injected via tail vein into nude mice and human
tumor cell burden in the lung was assessed after 7 weeks. Genomic
DNA isolated from mouse lung was analyzed by quantitative realtime PCR measurement of the 12p arm of human DNA. This
method has been shown to accurately reﬂect the extent of lung
colonization in experimental metastasis assays (16, 18). The
incidence of lung colonization in mice injected with T24T cells
with stable RhoC knockdown was signiﬁcantly less than that for
mice injected with T24T cells expressing nontargeting shRNA (4 of
15 mice for shRhoC-1 vs. 10 of 16 mice for shCont, P ¼ 0.05; Fig.
4A). Both zero and non-zero values of human gDNA present in
the lungs of each animal injected were combined and analyzed.
Injection of RhoC knock down cells signiﬁcantly decreased the
amount of human tumor DNA present in all lungs (P ¼ 0.028,
analysis of 0 and non-zero samples by Mann–Whitney
test). Figure 4B shows the distribution of non-zero values of
human DNA present in mouse lungs injected with T24T cells
expressing nontargeting shRNA versus shRhoC-1. The amount of
human tumor DNA present in lungs was not statistically significant (P ¼ 0.28, analysis of non-zero samples only by Mann–
Whitney test). A similar trend was seen in animals injected with

A

Number of mice

the GDP-bound form of Rho proteins. Knockdown of RhoGDI2
in T24 bladder cancer cells increased FBS stimulated RhoC activation by 30% when compared with control cells (Fig. 2A).
Conversely, expression of RhoGDI2 in UMUC3 cells resulted in
a 30% to 40% decrease in the amount of FBS stimulated RhoC
activation relative to control cells (Fig. 2B). These results show that
RhoGDI2 negatively regulates RhoC activation, likely by controlling the amount of free RhoC that is available for activation.
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Fig. S2A), and we saw a similar decrease in the incidence of lung
colonization (3 of 10 mice for shRhoc-1 vs. 9 of 10 mice for
shCont, P ¼ 0.003; Fig. 4C). Taken together, we concluded that
RhoC knockdown reduced lung colonization of bladder cancer
cells. This implies some positive role for RhoC in metastasis.
Given the effect of RhoC knock down on increasing cell doubling
time and decreasing growth in soft agar, we would also predict
that RhoC may play a role in primary tumor formation.

A
12
511

274

24

25
396

Discussion
Here, we present evidence that in bladder cancer cells,
RhoGDI2 binds to RhoC and negatively regulates RhoC activation. RhoC knockdown slowed growth of bladder cells, reduced
invasion through Matrigel, and reduced anchorage-independent
growth in soft agar. RhoC has been shown to promote metastasis
in a variety of other cell types and models including melanoma,
mammary, prostate, and head and neck cancer (25–27, 30, 31).
Here, we show that RhoC knockdown decreases the incidence of
lung colonization of bladder cancer cells, suggesting that active
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Identiﬁcation of genes associated with RhoGDI2 and RhoC in
bladder cancer tumors
Our hypothesis was that RhoGDI2 exerts its metastasis suppressor effects on bladder cancer cells, at least in part, through
binding of RhoC and suppression of RhoC activation. In this
scenario, knockdown of RhoC in bladder cancer cells should
phenocopy, to some extent, expression of RhoGDI2 in bladder
cancer cells. To identify genes that are commonly regulated by
both RhoC and RhoGDI2, we performed gene microarray analysis
of RNA extracted from T24T cells expressing shControl or
shRhoC-1. The results of this microarray analysis were compared
with results generated from RNA extracted from T24T cells expressing a pcDNA3 control plasmid or RhoGDI2 (10). Twelve genes
were found to be commonly downregulated and 50 genes were
found to be commonly upregulated in T24T cells by RhoC
knockdown versus RhoGDI2 expression (Fig. 5A). Of the 12
downregulated genes, 3 genes were signiﬁcantly upregulated in
human bladder tumor specimens, in 2 cohorts. There were also 14
genes of the 50 upregulated genes that were signiﬁcantly downregulated in human bladder tumor specimens (Supplementary
Table S2). Using the 62 genes that were commonly upregulated
and downregulated by RhoGDI2 expression or RhoC knockdown
as a signature, we determined that expression of these genes
correlate with bladder cancer tumors in 2 data sets (Fig. 5B).
We looked in more detail at the genes commonly downregulated by both RhoC knockdown and RhoGDI2 overexpression, as
these genes would be upregulated when RhoGDI2 is lost in
bladder cancer and could potentially be biomarkers for bladder
cancer. Of the 12 genes commonly downregulated, 2 genes, KRT8,
which encodes the protein keratin 8, and MREG, which encodes
the protein melanoregulin, were signiﬁcantly upregulated in
tumors with a high fold change (>2) in at least one data set. Both
KRT8 (Fig. 6A) and MREG (Fig. 6B) were found to have increased
expression in bladder cancer tumors when compared with normal
bladder samples in 2 different studies. RNA expression levels of
both KRT8 and MREG were downregulated in T24T cells upon
depletion of RhoC or expression of RhoGDI2 (Fig. 6C) and in a
second cell line, UMUC3, upon expression of RhoGDI2 (Fig. 6D),
verifying the results of the shRhoC microarray experiment in T24T
cells and extending these results to a second cell line.

Normal

Tumor

Figure 5.
A RhoC/RhoGDI2 signature gene set correlates with human bladder tumors.
A, Venn diagram illustrating the number of commonly up- and downregulated
genes identiﬁed by microarray upon RhoC knockdown or RhoGDI2
expression in T24T cells. Blue indicates decreased expression and red
indicates increased expression. B, ability of the RhoC/RhoGDI2 signature
score to distinguish between normal urothelial and bladder tumor samples in
the studies by Sanchez-Carbayo and colleagues (n ¼ 129) and Kim and
colleagues (n ¼ 255) cohorts. P values were calculated by Wilcoxon rank-sum
test.

RhoC promotes metastasis of bladder cancer. The downstream
effectors through which RhoC promotes metastasis in bladder
cancer are currently unclear. Interestingly, Src and caveolin were
shown to positively regulate metastasis in bladder cancer cells
through 2 parallel pathways that converge on RhoA and RhoC to
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Figure 6.
KRT8 and MREG expression in human
normal urothelial tissue and bladder
tumor samples. A and B, expression of
KRT8 (A) and MREG (B) between
normal urothelial and bladder tumor
samples in the studies by SanchezCarbayo and colleagues (n ¼ 129) and
Kim and colleagues (n ¼ 255) patient
cohorts. P values were calculated by
Wilcoxon rank-sum test. C and D,
mRNA expression of KRT8 and MREG
in T24T cells with RhoC knockdown or
RhoGDI2 expression compared with
the corresponding control cells (C) or
in UMUC3 cells with control or
RhoGDI2 expression (D) was
determined by quantitative real-time
PCR. Bar graphs represent the mean 
SE (n  3).  , P < 0.05;   , P < 0.01;
 
, P < 0.001.
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promote Rho-associated serine–threonine kinase (ROCK) activation. Indeed, treatment of animals with the inhibitor Y-27632
concomitantly with tail vein injection of bladder cancer cells
abrogated colony formation in lung, supporting the idea that
ROCK plays a role in bladder cancer metastasis (32). Furthermore,
high levels of RhoC, ROCKI, and ROCKII in human bladder
cancer specimens were shown to correlate with muscle invasion,
lymph node metastasis, and shorter disease-free survival times
(33). Given that ROCK is a well-known regulator of migration and
invasion (34) and that RhoC activates ROCK (35), it is likely that
RhoC may activate ROCK to promote lung colonization in our
bladder cancer model. Other RhoC effectors besides ROCK such
as the kinase PKN3 also have been shown to regulate RhoCmediated metastasis (31). Delineation of the RhoC signaling
pathways in bladder cancer and metastasis will be the subject of
future studies.
A previous study reported that RhoGDI2 overexpression suppresses lung colonization in the same system used here (8). When
RhoGDI2 expression is lost in metastatic bladder cancer, we
believe that an increase in RhoC activation may help to drive
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metastasis. It is interesting to note that mRNA levels of RhoC do
not change upon modulation of RhoGDI2 in bladder cancer cells
(10), nor do we observe changes in RhoC protein levels upon
expression or knockdown of RhoGDI2 in bladder cancer cells (Fig.
2). This would indicate that RhoGDI2 is not regulating RhoC
degradation in contrast to what has been shown for RhoGDI1
with other GTPases (36), nor is RhoGDI2 likely affecting RhoC
transcription or translation. Loss of RhoGDI2 in bladder cancer
cells would be a way to modulate RhoC activation without
changing RhoC expression.
We have identiﬁed a set of genes, in particular KRT8, that is
downregulated upon RhoC depletion or RhoGDI2 expression.
Our data show that keratin 8 expression is higher in bladder cancer
tumors than in normal bladder. This is especially interesting as
there is some literature linking keratin 8 to cancer (37). For
example, keratin 8 expression in circulating tumor cells in patients
with renal clear cell carcinoma correlated with the presence
of metastasis and poor prognosis, and was used as a prognostic
marker in kidney and prostate cancer (38). The presence of keratin
8-, 18-, and 19–positive prostate cancer cells detected in bone
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marrow aspirates of patients before surgery also predicted metastatic disease (39). In bladder, keratin 8 was enriched in proteomic screen of urinary proteins in patients with bladder cancer
when compared with normal patients, suggesting that keratin 8
could be a urinary biomarker for bladder cancer (40). Given this,
further experiments investigating the link between keratin 8
expression in bladder cancer and development of metastasis are
currently warranted, and our experiments thus far point to keratin
8 as a potential prognostic marker for bladder cancer.
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