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Introduction

Ras homologous (Rho) GTPases comprise a major branch of the 
Ras superfamily of small GTPases, with Rac1, Cdc42 and RhoA 
being the best characterized.1-3 Rho GTPases are important regu-
lators of actin cytoskeleton organization, cell polarity and migra-
tion, cell cycle progression and gene expression. Like Ras, their 
aberrant function has been associated with human oncogenesis 
and other diseases.1-3 However, unlike the frequent direct muta-
tional activation of Ras in cancer, Rho GTPases are not directly 
mutated, and instead, their functions are deregulated indirectly 
through the altered expression and activity of Rho regulatory pro-
teins. To date, one of the best characterized mechanisms involve 
inappropriate activation of guanine nucleotide exchange factors 
(RhoGEFs) that promote formation of the activated, GTP-bound 
form of Rho GTPases, and loss of expression of GTPase activat-
ing proteins (RhoGAPs) that accelerate GTP hydrolysis and for-
mation of inactive GDP-bound Rho GTPases. The involvement 
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of a third class of regulators, Rho GDP dissociation inhibitors 
(RhoGDIs), is less well-understood and has recently gained more 
attention as possible therapeutic targets for cancer treatment.4,5

The three human RhoGDI isoforms, RhoGDI1 (also 
called GDI, GDIα), RhoGDI2 (LyGDI/D4GDI/GDIβ), and 
RhoGDI3 (GDIγ), are generally considered to function as nega-
tive regulators of Rho GTPase activity through three distinct 
biochemical mechanisms.6 First, RhoGDIs bind and mask the 
C-terminal isoprenyl group attached posttranslationally to the 
C-terminal membrane targeting sequence of Rho family small 
GTPases. RhoGDI binding of Rho GTPases forms in an inac-
tive complex in the cytosol, since the isoprenoid lipid modifi-
cation is essential for membrane association, proper subcellular 
localization and biological activity. Second, RhoGDIs inhibit 
RhoGEF-mediated GDP-GTP exchange, favoring the inactive 
GDP-bound form. Third, they interact with the GTP-bound 
form to inhibit GTP hydrolysis, RhoGAP-catalyzed GTPase 
activity, and prevent interactions with downstream effector 
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and Matrigel invasion in vitro.13 These contrasting observations 
prevent establishment of a clear pattern for RhoGDI2 expres-
sion changes in tumor progression and of a functional role for 
RhoGDI2 in breast cancer malignant growth.

Only limited evaluation of RhoGDI expression and function 
in ovarian cancer has been described. In one study, RhoGDI1 
protein expression was identified via proteomic analyses to be 
overexpressed in three invasive ovarian tumors when compared 
with three low malignant potential ovarian tumors,14 consistent 
with a role for RhoGDI1 in promotion of invasion and metas-
tasis. In a gene array study of six serous cystadenocarcoma and 
one cystadenoma, upregulation of RHOGDI2 transcription 
was associated with carcinoma when compared with the benign 
adenoma tissue.15 However, no analysis of protein expression was 
done. In addition, in a microarray study to identify gene expres-
sion changes associated with paclitaxel resistance in ovarian can-
cers, RhoGDI2 overexpression correlated with resistance.16 Their 
immunohistochemical analyses of serous ovarian cancer tissues 
from patients who received paclitaxel-based chemotherapy found 
that RhoGDI2 protein overexpression was not correlated with 
stage or histological grade, but was observed more frequently in 
non-responders (four of five cases) than in responders (two of 
16 cases). They concluded that RhoGDI2 expression may be a 
predictive marker of paclitaxel resistance not only in paclitaxel-
resistant cell lines, but also in patient samples.

Presently, only limited analyses of RhoGDI1 and RhoGDI2 
protein expression and function in ovarian cancer has been done. 
In the current study, we found that RhoGDI2 but not RhoGDI1 
protein expression varied widely in a panel ovarian cancer cell 
lines and ovarian tumors, and additionally, was elevated in Ras-
transformed human ovarian surface epithelial cells, suggesting 
that RhoGDI2 overexpression may promote tumor growth. 
RhoGDI2 was significantly overexpressed in high-grade com-
pared with low-grade ovarian cancers. However, RhoGDI2 lev-
els did not correlate with the stage of ovarian cancer and was 
expressed in both carcinomas and benign cysts. Surprisingly, 
interfering RNA suppression of RhoGDI2 in the HeyA8 ovar-
ian carcinoma cell line increased Matrigel invasion and increased 
lung colonization in a tail-vein lung metastatic assay. Our results 
support an invasion and metastasis suppression role for RhoGD2.

Results

Variable expression of RhoGDI2 protein in ovarian carcinoma 
cell lines and tumor tissue. Although previous studies suggested 
that RhoGDI2 protein overexpression correlated with ovarian 
tumor progression,15 these analyses evaluated only gene transcrip-
tion and no analyses of a functional contribution to ovarian tumor 
growth were addressed. Therefore, we first performed protein gel 
blot analysis and evaluated the expression of RhoGDI2 protein 
in a panel of human ovarian carcinoma cell lines and additionally 
matched pairs of immortalized human ovarian surface epithelial 
cells (T29) and their transformed counterparts with ectopically-
expressed mutationally-activate Ras (designated T29 H-Ras, T29 
K-Ras) (Fig. 1A). Very low or undetectable RhoGDI2 expression 
was seen in the untransformed T29 cells as well as three ovarian 

targets. However, RhoGDIs can also act as positive regulators 
via targeting Rho GTPases to subcellular membranes where they 
interact with different effectors or protect Rho GTPases from 
caspase degradation. Finally, the different tissue expression pat-
terns, subcellular localization and interactions with specific Rho 
GTPase family members suggest distinct functions for the three 
RhoGDIs.

Whereas RhoGDI1 is expressed ubiquitously and RhoGDI2 
is expressed preferentially in normal hematopoietic tissue, the 
altered expression of RhoGDI1 and/or RhoGDI2 in a variety of 
cancers has been reported in reference 4 and 5. However, the pre-
cise roles of RhoGDI1 and RhoGDI2 in cancer cell growth are 
complex, with sometimes opposing roles and possible tumor type 
distinct functions described. A role for RhoGDI2 as a metasta-
sis suppressor has been established in bladder cancer. Applying 
gene array analyses, Theodorescu and colleagues reported that 
decreased RhoGDI2 but not RhoGDI1 gene/protein expression 
was associated with a more invasive variant of the HRAS muta-
tion positive T24 bladder cancer cell line.7 Ectopic restoration 
of RhoGDI2 expression in the invasive T24 variant decreased 
metastasis as determined by tail-vein lung tumor colonization in 
mice. Finally, immunohistochemical (IHC) analysis of 51 blad-
der tumors found that RhoGDI2 overexpression correlated with 
shorter time to disease-specific death.8

In contrast to the findings with bladder cancer, a tumor pro-
motion role for RhoGDI2 overexpression was described in one 
study of gastric cancer. RhoGDI2 protein expression was found 
to be higher in gastric tumor tissue when compared with nor-
mal gastric tissue and the expression level of RhoGDI2 protein 
correlated with lymph node metastasis.9 Ectopic overexpression 
of RhoGDI2 in poorly invasive gastric carcinoma cell lines sig-
nificantly increased Matrigel invasiveness in vitro. Conversely, 
depletion of endogenous RhoGDI2 in RhoGDI2 overexpress-
ing gastric carcinoma cells suppressed invasion in vitro. Forced 
expression of RhoGDI2 in these cells lines increased tumor 
growth, angiogenesis and lung metastasis in mice. Thus, in con-
trast to bladder carcinoma cells, RhoGDI2 overexpression pro-
moted rather than inhibited invasion and metastasis in breast and 
gastric tumor cell lines.10

More complex, sometimes opposing, expression changes 
and roles for RhoGDIs in breast cancer have been described. 
Similar to bladder cancer, one study found reduced expression 
of RhoGDI1 and RhoGDI3 but not RhoGDI2 in breast tumor 
tissues when compared with normal and that loss of expression 
correlated with nodal and distant metastasis and poor prog-
nosis.11 In contrast, a second study using IHC staining of 71 
patient tumors found a biphasic pattern of increased RhoGDI2 
expression with breast hyperplasia, but decreased expression with 
progression and lymph node metastasis.12 In a third study, expres-
sion of RhoGDI2 was not associated with either disease-free or 
overall survival in two large breast cancer cohorts, although they 
found that RNAi suppression of RhoGDI2 expression enhanced 
MDA-MB-231 breast cancer cell invasion in vitro.10 Finally, a 
fourth study found high RhoGDI2 expression in tumor but 
not benign breast tumor cell lines and that the knockdown of 
RhoGDI2 in MDA-MB-231 cells resulted in decreased motility 
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with serous and mixed type carcinomas (Table 2). Although 
not statistically significant, there was a trend for ovarian cancer 
patients with high levels of RhoGDI2 to have a decreased overall 
survival (Fig. 1C).

Suppression of RhoGDI2 expression enhances HeyA8 ovar-
ian tumor cell growth properties in vitro and in vivo. To deter-
mine if RhoGDI2 overexpression contributed to the growth and 
invasive phenotype of ovarian cancer cells, we elected to study 
HeyA8 cells, which exhibited very high levels of RhoGDI2 

tumor cell lines (A2780, OVCAR-8 and SKOV-3). In contrast, 
we found high RhoGDI2 levels in four ovarian carcinoma cells 
lines (HeyA8, OVCAR-3, OVCAR-4 and OVCAR-5). We also 
found elevated RhoGDI2 expression in both T29 H-Ras and 
T29 K-Ras cells, suggesting a role for RhoGDI2 in transforma-
tion. In contrast, RhoGDI1 expression levels were equivalent for 
all cell lines. RhoGDI2 overexpression did not correlate with the 
invasive ability of cells through Matrigel or anchorage-indepen-
dent growth in soft agar (data not shown). These data suggest 
that RhoGDI2 overexpression may be associated with the trans-
formed and tumorigenic growth of ovarian cancer cells.

To determine whether overexpression of RhoGDI2 can be 
correlated with specific pathological phenotypes in patient-
derived ovarian cancer tissues, we assessed the expression of 
RhoGDI2 protein in previously described and validated ovarian 
tissue microarrays containing 388 cases of surgically removed 
human ovarian cancer tissues with known clinical history.17-19 We 
first validated the RhoGDI2 antibody for IHC using cell lines 
that were formalin-fixed and paraffin embedded. In agreement 
with our protein gel blot data (Fig. 1A), we found that the anti-
RhoGDI2 antibody stained negative in A2780 cells and positive 
in HeyA8 cells (Fig. 1B). RhoGDI2 staining was seen primar-
ily in the cytoplasm of ovarian tumor cells, with staining also 
observed in the nucleus.

RhoGDI2 was significantly overexpressed in high-grade (344 
patients) compared with low-grade ovarian cancer (43 patients), 
although expression did not correlate with stage of ovarian can-
cer (Fig. 1B and Table 1). The association between expression 
of RhoGDI2 and histological subtype was statistically signifi-
cant (Table 1). In addition, there was no difference in expression 
between carcinomas from 70 patients and benign cysts from 32 
patients (Table 1). Low expression of RhoGDI2 was proportion-
ally more frequent in clear cell carcinoma compared with serous 
and transitional cell carcinomas; mucinous compared with 
serous, poorly differentiated, malignant mixed mullerian tumor 
(MMMT), and mixed type carcinomas; endometrioid compared 

Figure 1. Variable levels of RhoGDI2 but not RhoGDI1 protein expres-
sion in human ovarian cell lines. (A) Western blot analyses of RhoGDI1 
and RhoGDI2 protein expression. Cell lysates were subjected to immu-
noblotting analysis using antibodies specific for RhoGDI1, RhoGDI2, or 
the loading control (ERK1 and ERK2). T29 is a nontransformed, immortal-
ized human ovarian surface epithelial cell line that was then stably-
transfected with expression vectors encoding activated, transforming 
mutant H-Ras(12V) or K-Ras(12V), and designated T29 H-Ras and T29 
K-Ras, respectively. Results shown are representative of three indepen-
dent experiments. (B) Validation of anti-RhoGDI2 antibody for IHC analy-
sis. Negative (top left) and positive (top right) control paraffin-embed-
ded ovarian cancer cell lines that express low (A2780) or high (HeyA8) 
levels of RhoGDI2. A borderline tumor (serous tumor of low malignant 
potential, bottom right) demonstrated moderate diffuse cytoplasmic 
staining and a high-grade serous carcinoma (bottom left) demonstrated 
strong but patchy staining of RhoGDI2. Arrows indicate cancer cells that 
stain positive for RhoGDI2. (C) IHC analysis of RhoGDI2 protein expres-
sion in ovarian cancer patient-derived tissue. Kaplan-Meier survival 
curves of low and high RhoGDI2 expression groups from a total number 
of 388 ovarian cancer patient tissues. “Low” expression groups are de-
fined as staining intensity*percent ≤20 percent (73 samples) and “High” 
as staining intensity*percent > 20 percent (315 samples).



www.landesbioscience.com	 Small GTPases	 205

stably-infected cells, and we performed blot analyses to verify 
suppression of expression of RhoGDI2. The GFP shRNA off-
target control construct had no effect on RhoGDI2 expression, 
whereas both RhoGDI2 I and RhoGDI2 II shRNA-expressing 
cells showed ~90% decreased steady-state protein expression lev-
els (Fig. 2A). In addition, RhoGDI1 expression levels did not 
change after knockdown of RhoGDI2, indicating no compensa-
tory increase.

Stable suppression of RhoGDI2 expression did not cause 
a detectable alteration in cell morphology nor growth rate in 
vitro (data not shown). However, when the cells were evaluated 
for invasion through Matrigel, surprisingly, HeyA8 RhoGDI2 
knockdown cells displayed an approximately 2-fold increase in 
invasion when compared with control cells (Fig. 2B). Additionally, 
RhoGDI2 suppression significantly increased HeyA8 anchorage-
independent growth as measured by colony formation frequency 
in soft agar, when compared with control cells (Fig. 2C and D). 
Thus, unexpectedly, although RhoGDI2 expression was elevated 
in HeyA8 cells, these results support a tumor and invasion sup-
pressor and not an oncogene function for RhoGDI2 in ovarian 
tumor cells.

To determine whether downregulation of RhoGDI2 altered 
the metastatic growth properties of HeyA8 cells, cells were 
injected intravenously into the tail veins of nude mice and lung 
colonization and tumor formation were measured. In this experi-
mental metastasis assay, we observed a significant increase in the 
number of lung nodules in mice injected with HeyA8 RhoGDI2 
knockdown cells compared with control cells (Fig. 2E and 
Table 3). Metastatic nodules were not observed in other organs 
in the mice. These results demonstrate that targeted disruption 
of RhoGDI2 increased the experimental metastasis activity of 
HeyA8 cells in nude mice.

RhoGDI2 function is associated with regulation of Rac 
activity and signaling. We next evaluated a mechanism by 
which RhoGDI2 may control invasion. Since the best character-
ized activity of RhoGDI2 is to modulate Rho GTPase activity, 
we determined which Rho GTPases associate with RhoGDI2 in 
HeyA8 cells. Whole cell extracts from HeyA8 cells were incu-
bated with either recombinant glutathione S-transferase (GST) 
alone or GST fusion proteins containing full length RhoGDI2 or 
RhoGDI1, resolved on SDS-PAGE and then subjected to protein 
gel blot analysis probing for the classically studied Rho GTPases, 
Rac1, Cdc42 and RhoA/C. In agreement with previous study 
in breast cancer,22 we found that all three Rho GTPases were 
associated with RhoGDI1. In contrast, we detected only Rac1 
association with RhoGDI2.

Next, to determine if stable knockdown of RhoGDI2 expres-
sion changed the activity level of Rac1, Cdc42 or RhoA/C, cell 
lysates were subjected to pull down analyses to measure the 
level of active GTP-bound GTPases in cells. Cell lysates from 
control GFP and RhoGDI2 silenced cells were incubated with 
GST fusion proteins containing the Rho-GTP binding domains 
(RBD) of the RhoA/C effector Rhotekin (Rhotekin-RBD) 
or the Rac1/Cdc42 effector PAK1 (GST-PAK-RBD), or con-
trol GST-beads alone and subjected to SDS-PAGE followed by 
protein gel blot analysis to detect Rac1, Cdc42 and RhoA/C  

protein expression (Fig. 1A). Our rationale to focus on the 
HeyA8 cell line was based on the fact that this line was derived 
originally from a woman with advanced, therapy-refractory ovar-
ian cancers and represents the extremes of growth seen in clinical 
disease. Finally, HeyA8 cells are commonly used in the mouse 
tail-vein lung colonization metastasis assay because of the cells 
ability to invade through the vasculature, attach and form lung 
colonies.20,21 HeyA8 cells were stably infected with retrovirus vec-
tors expressing either control off-target shRNA (GFP) or two 
independent shRNAs directed against RhoGDI2 (designated 
RhoGDI2 I and RhoGDI II). Three days after infection, cells 
were selected with puromycin to establish mass populations of 

Table 1. Correlations between expression of RhoGDI2 and  
histological subtype, grade, stage and tumor verses non-tumor ovarian 
patient tissues

Characteristics

No. of patients (%)

High 
RhoGDI2

Low 
RhoGDI2

Total 
no.

P*

Histological 
subtype

0.0002379

Clear-cell 7 (58.3%) 5 (41.7%) 12

Serous 177 (84.3%) 33 (15.7%) 210

Mucinous 2 (28.6%) 5 (71.4%) 7

Endometrioid 24 (64.9%) 13 (35.1%) 37

Poorly  
differentiated

11 (78.6%) 3 (21.4%) 14

MMMT 15 (83.3%) 3 (16.7%) 18

Mixed type 71 (86.6%) 11 (13.4%) 82

Transitional cell 7 (100%) 0 (0%) 7

Grade 0.038

Low 15 (71.4%) 6 (28.6%) 21

Intermediate 14 (63.6%) 8 (36.4%) 22

High 286 (83.1%) 58 (16.9%) 344

Stage 0.1072

I 16 (64%) 9 (36%) 25

II 11 (73.3%) 4 (26.7%) 15

III 24 (85.7%) 4 (14.3%) 28

IV 263 (82.4%) 56 (17.5%) 319

Tumor verses 
non tumor  

tissues
0.4287

Benign Cysts 31 (96.9%) 1 (3.1%) 32

Tumor 64 (91.4%) 6 (8.6%) 70

*p-values were calculated by Fisher’s exact test or chi-square test to test 
for association between RhoGDI2 expression and each clinical attribute. 
“Low” and “High” expression of RhoGDI2 are defined as Intensity *Per-
cent ≤20 (73 cases) and Intensity *Percent >20 (315 cases). For example, 
the p-value of 0.4287 implies that the association between the expres-
sion of RhoGDI2 (low/high) and tumor/non tumor is not statistically 
significant.
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cascades.23 Since we found that Rac1 activity was altered on 
RhoGDI2 suppression, we determined if Rac-associated sig-
naling was altered. Western blot analysis was done to moni-
tor the levels of phosphorylated and activated MKK3/MKK6, 
upstream activators of p38 or JNK (Fig. 3D). We found that 
knockdown of RhoGDI2 decreased phospho-MKK3/6, phos-
pho-JNK and phospho-p38 levels. This reduced activity is 
consistent with RhoGDI2 suppression-associated loss of Rac1 
activation.

(Fig. 3A). Unexpectedly, Rac1-GTP expression levels decreased 
rather than increased after knockdown of RhoGDI2, whereas the 
levels of GTP-bound RhoA/C or Cdc42 did not change (Fig. 
3B). Total Rac1, RhoA and Cdc42 expression levels were not 
changed between control and RhoGDI2 knockdown cells (Fig. 
3C). Thus, suppression of RhoGDI2 expression was associated 
with a reduction and not an increase in the activity of Rac1.

Activated Rac1 has been shown to stimulate activation of 
the p38 and JNK mitogen-activated protein kinase (MAPK) 

Figure 2. Stable suppression of RhoGDI2 in HeyA8 cells increases Matrigel invasion, anchorage-independent growth in soft agar and lung coloniza-
tion in the tail-vein lung mouse metastasis assay. (A) Stably shRNA suppression of RhoGDI2 protein expression. HeyA8 cells were stably infected with 
either control GFP shRNA or two independent shRNA sequences against human RhoGDI2 (designated RhoGDI2 I and RhoGDI2 II) followed by selection 
with puromycin. Puromycin-resistant cells were analyzed for RhoGDI1, RhoGDI2 and the total protein loading control, ERK1/2. (B) Effect of knockdown 
of RhoGDI2 on the Matrigel invasive ability of HeyA8 cells. 20,000 cells were plated in Matrigel chamber and assayed after 24 h. *p < 0.001 (two-tailed 
Student’s t test). Bars indicate the mean of triplicate samples + SEM (C) RhoGDI2 requirement for anchorage-independent growth. Cells were suspend-
ed in soft agar supplemented with growth medium and colonies and monitored for three weeks for the appearance of proliferating colonies of cells. 
Colonies were stained with MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) and quantified using Image J software and scanned 
images of soft agar plates are shown. *p < 0.05. Data shown are representative of three independent experiments. (D) Tail-vein lung metastasis assay 
to determine role of RhoGDI2 in HeyA8 lung colonization. 1.5 x 106 cells of either RhoGDI2 knockdown (I and II) or control (GFP) cells were injected into 
the mouse tail-vein. After six weeks, mice were euthanized. Lungs were inflated, fixed, stained with Bouin’s fixative, and then destained with ethanol.

Table 2. p-values for pairwise association between different histological subtypes

Histological type Transitional cell Mixed type MMMT Poorly differentiated Endometrioid Mucinous Serous

Clear-cell 0.106 0.029 0.209 0.400 0.738 0.349 0.035

Serous 0.598 0.717 1 0.476 0.010 0.002

Mucinous 0.020 0.001 0.016 0.055 0.103

Endometrioid 0.085 0.012 0.212 0.503

Poorly differentiated 0.521 0.423 1

MMMT 0.534 0.713

Mixed type 0.59

*p-values were calculated by Fisher’s exact test.
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significant correlation was seen with overall survival. Thus, in 
contrast to similar analyses of bladder and gastric cancers,7,9 we 
cannot conclude that RhoGDI2 expression provides a clear prog-
nostic or diagnostic marker for ovarian cancer. However, since 
there is evidence that RhoGDI2 expression may influence sensi-
tivity to paclitaxol and other chemotherapeutic agents, it remains 
possible that RhoGDI2 expression may still provide an informa-
tive marker for drug response.

The best known function of RhoGDI2 is that of a nega-
tive regulator of Rho GTPase function, and unlike RhoGDI1, 
RhoGDI2 appears to preferentially regulate Rac1 and not RhoA 
or Cdc42.6 Consistent with this Rho GTPase selectivity, we 
found that RhoGDI2 associated preferentially with Rac1 and 
that sustained suppression of RhoGDI2 expression in HeyA8 
ovarian tumor cells resulted in decreased Rac1 but not RhoA nor 
Cdc42 activity, and was correlated with decreased activities of the 
JNK and p38 MAPK Rac-associated signaling pathways. Since 
p38 and JNK activation has been shown previously to inhibit 
ovarian cancer metastasis,23 this suggests that the reduced activ-
ity of these Rac-associated signaling pathways contributes to the 
enhanced growth properties of RhoGDI2-depleted HeyA8 cells. 
Our observations contrast with those made in MDA-MB-231 
breast carcinoma cells, where knockdown of RhoGDI2 resulted 
in Rac1 activation, JNK and p38 activation, and decreased 
tumorigenic and metastatic growth.22 In contrast, results from 
the study of RhoGDI2 function in bladder cancer are more con-
sistent with our observations. Schwartz and colleagues found 
that RhoGDI2 preferentially bound and activated Rac1, and 
that Rac1 activation antagonized metastasis.24 As in our studies, 
they also reported that suppression of RhoGDI2 expression was 
associated with altered subcellular localization and reduced Rac-
GTP levels. Since RhoGDIs can modulate Rho GTPase interac-
tion with RhoGEFs and RhoGAPs, perhaps in ovarian as well as 
bladder tumor cells, RhoGDI2 may activate Rac through altered 
regulation of GDP/GTP cycling. Finally, that Rac activation can 
antagonize tumor invasion and metastasis is also in agreement 
with other studies. For example, loss of the Tiam1 Rac-specific 
RhoGEF was seen to enhance skin carcinoma formation.26

In summary, our observations support the role of RhoGDI2 as 
an invasion and metastasis suppressor in ovarian cancer. Clearly, 
the seemingly contrasting functions of RhoGDI2 reported in 
other cancers reveal the complex nature of RhoGDI2 func-
tion, where it can activate or inactivate Rac function in differ-
ence cellular settings. The functions of RhoGDI2 in cancer may 
also involve functions independent of Rho GTPase regulation. 
One limitation of our studies was our analyses of mechanism 
in one ovarian carcinoma cell line. Clearly, further analyses of 
RhoGDI2 function in additional ovarian carcinoma cell lines 
and in mouse models of ovarian cancer will be needed to better 
elucidate the significance and importance of RhoGDI2 as a diag-
nostic or therapeutic target for cancer treatment.

Materials and Methods

Cell lines. OVCAR-3, OVCAR-4, OVCAR-5, OVCAR-8 and 
SKOV-3 ovarian cancer cells were obtained originally from 

Discussion

Although RhoGDI2 expression has been documented to be 
altered in a variety of human cancers, divergent conclusions have 
been made regarding association with tumor progression and 
functional significance.4,5 RhoGDI2 expression is decreased in 
advanced bladder cancer and exhibited invasion and metastasis 
suppression activity.7,8,24 In contrast, RhoGDI2 expression was 
elevated in gastric cancer and exhibited tumor promoting activi-
ties.9 To date, there has been very limited analyses of RhoGDI2 
protein expression in ovarian cancer and no studies of functional 
relevance.15,16,25 Our RhoGDI2 shRNA suppression studies in the 
HeyA8 ovarian carcinoma cell line demonstrated that suppression 
of RhoGDI2 expression was associated with increased anchorage-
independent growth, Matrigel invasion and lung colony meta-
static tumor formation. However, our IHC analyses found that 
RhoGDI2 was significantly overexpressed in high-grade com-
pared with low-grade ovarian cancers, that RhoGDI2 expression 
correlated with histological subtype of cancer, and no statistically 
significant association with survival. In summary, our mechanis-
tic studies suggest that RhoGDI2 may function as a tumor sup-
pressor in HeyA8 ovarian cancer cells and RhoGDI2 expression 
is higher in more advanced ovarian cancer patient tissues.

Altered RhoGDI2 expression has been observed for a variety 
of cancer types including ovarian cancers. For ovarian cancer, 
several studies suggest that RhoGDI2 overexpression is associ-
ated with tumor progression, with increased expression in cancer-
ous tissue. In our analyses of a panel of ovarian tumor cell lines, 
we found widely variable levels, with very high levels in a subset 
of cell lines. Since we found that RhoGDI2 expression levels were 
increased in Ras-transformed immortalized human ovarian sur-
face epithelial cells, we speculated that RhoGDI2 may function 
as positive mediator of ovarian tumor cell growth. Therefore, 
we were surprised when we found that shRNA suppression of 
RhoGDI2 expression enhanced growth, invasion and metastasis 
of the RhoGDI2-overexpressing HeyA8 tumor cell line. Thus, 
similar to bladder cancer,7 RhoGDI2 may function as an inva-
sion and metastasis suppressor. Further study with other cell lines 
will be needed to determine if this RhoGDI2 function can be 
generalized to other ovarian tumor cells.

Our analysis of 388 patient ovarian tumors represents the 
most comprehensive evaluation of RhoGDI2 protein expression 
for this cancer. While we found that RhoGDI2 protein expres-
sion was strong in high-grade ovarian cancer patient tissues 
when compared with low-grade patient tissues, no statistically 

Table 3. Comparison of the tumor colonization ability of RhoGDI2 
knockdown and control GFP cells in the tail-vein lung metastasis assay

HeyA8
Average 

tumor size 
(mm)

Tumor number p*

GFP 0.6 x 0.6 0, 15, 8, 11, 13, 0, 15, 0, 0, 0

RhoGDI2 I 0.8 x 0.7 18, 16, 20, 10, 17, 2, 0, 15, 0, 22 ≤ 0.05

RhoGDI2 II 1.1 x 1.3 63, 10, 41, 56, 37, 0, 29, 72, 53, 49 ≤ 0.001

*p-values are representative to two independent experiments.
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slides were digitally scanned at 20x using Aperio ScanScope CS 
(Aperio Technologies), and the scanned images were analyzed 
with ImageScope (Aperio Technologies) for the positive cell 
quantification.

We scored the tumor cells in each core for intensity of stain-
ing on a 4 point scale (0–3), with 1 being weak staining, and 3 
being intense staining. The percentage of tumor cells that stained 
was also noted. The scores were only counted when the staining 
was present in the tumor cells and not the background stroma. 
Fisher’s exact test or chi-square test, as appropriate was performed 
to evaluate the association of RhoGDI2 expression with clinical 
factors. Two-tailed p-values are reported for Fisher’s exact test. 
The Kaplan-Meier method was used to estimate the probability 
of overall survival. Comparison of the overall survival between 
patients with “Low” and “High” RhoGDI2 expressions was 
performed using the log rank test. “Low” and “High” expres-
sion of RhoGDI2 was defined as Intensity*Percent ≤20 and 
Intensity*Percent >20, which was found in 73 and 315 patient 
samples. Results were considered statistically significant at p < 
0.05. All statistical analyses were performed using the R package 
(www.r-project.org).

Plasmids and creation of stable cell lines. Infectious ret-
roviruses were generated by co-transfection of pSuper-Retro-
Puro shRNA plasmids directed against either green fluorescent 
protein (GFP; off-target control) or the RhoGDI2 sequences 
5'-GCG AGG CAC GTA CCA CA-3' (designated RhoGDI2 
I) and 5'-GGC CTG AAA TAC GTT CAG C-3' (designated 
RhoGDI2 II) together with the pCL-10A1 packaging plasmid. 
Infectious virus supernatants were used for stable infection of 

American Type Culture Collection. A2780 ovarian cancer cell 
line was established and characterized by Dr. T. Fojo of Cancer 
Therapeutics Branch at NCI. The HeyA8 ovarian cancer cell 
line was established and characterized by Dr. G. Mills at MD 
Anderson Cancer Center. Human ovarian surface epithelial 
cells immortalized by SV40 T/t antigen and telomerase catalytic 
hTERT subunit expression (T29) and T29 cells stably expressing 
mutationally activated H-Ras(12V) (T29 H-Ras) or K-Ras(12V) 
(T29 K-Ras) were established and characterized as we have 
described previously in reference 27. All cell lines were obtained 
directly from a cell bank or laboratory that established the cell 
lines and passaged for fewer than six months.

Protein expression and activation analyses. The phospho-
specific and total JNK, MKK3/6, MLC and p38 antibodies were 
obtained from Cell Signaling. ERK1/2, RhoGDI1, RhoGDI2 
[Ly-GDI (C20)], and RhoA/C (119) were obtained from Santa 
Cruz Biotechnology. Rac1 antibody was purchased from Upstate 
and Cdc42 antibody from BD Transduction. All antibodies were 
used for protein gel blot analyses as we have described previously 
in reference 28.

IHC staining was performed in the Bond Autostainer (Leica 
Microsystems, Inc.). Briefly, slides were dewaxed in Bond 
Dewax solution and hydrated in Bond Wash solution. Antigen 
retrieval was performed for 30 min at 100°C in Bond-Epitope 
Retrieval solution 1, pH 6.0. Slides were incubated with pri-
mary antibody (1:700) for 1 h. Detection was performed using 
the Bond Intense R Detection Refine System supplied with 
DakoCytomation LSAB + System-HRP (DakoCytomation, 
Inc.). Stained slides were dehydrated and coverslipped. Stained 

Figure 3. RhoGDI2 binds and regulates Rac1 activity, localization and downstream signaling in HeyA8 cells. (A) HeyA8 cell lysates were incubated 
with either GST alone, GST-GDI1 or GST-GDI2 beads and then subjected to protein gel blot analysis probing for RhoA/C, Rac1 or Cdc42. (B) RhoGDI2 
suppression and effect on steady-state Rho GTPase activity. To determine if knockdown of RhoGDI2 affects levels of GTP-bound Rho GTPases, pull 
down analyses were done on cell lysates GST-PAK-RBD and then subjected to protein gel blot analysis. (C) western blot analysis of total input lysates 
were used for pull downs. (D) RhoGDI2 suppression and effect on Rho GTPase-associated signaling activity. western blot analysis was performed with 
HeyA8 cells stably infected with shRNA targeting GFP or RhoGDI2 and then examined for phosphorylated MMK3/6 (pMMK3/6), total MKK6, pJNK, total 
JNK, pp38, total p38, pMLC, total MLC, pERK or RhoGDI2. Blot analysis for total ERK1/2 was done to verify equivalent loading of total cellular protein. 
Data shown are representative of three independent experiments.



www.landesbioscience.com	 Small GTPases	 209

In vitro binding of RhoGDIs to Rho GTPases. Cells were 
lysed with 50 mm Tris, pH 7.5, 150 mm NaCl, 1 mm dithioth-
reitol, 5 mm MgCl

2
, 0.5% Triton X-100, and a protease inhibitor 

mixture tablet (Invitrogen). The lysates were cleared by centrifu-
gation at 12,000 rpm for 10 min at 4°C and 200 μg of total 
protein extracts were used per condition. Fifteen μg of either 
bacterially expressed GST, GST-RhoGDI1 or GST-RhoGDI2 
(E. Boulter, University of North Carolina—Chapel Hill) were 
immobilized on glutathione SepharoseTM 4B beads (Amersham 
Biosciences), and then were incubated with lysates and placed on 
a rotator at 4°C for 1 h. The beads were washed three times with 
lysis buffer, and the affinity-precipitated proteins were eluted in 
protein sample buffer and analyzed by SDS-PAGE and protein gel 
blotting with either RhoGDI1 or RhoGDI2 specific antibodies.
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HeyA8 ovarian cancer cells, followed by selection of puromycin-
resistant cells, with multiple drug-resistant colonies then pooled 
together to establish mass populations of stably-infected cells 
with stable suppression of RhoGDI2 expression, as verified by 
protein gel blot analyses.

Tail-vein lung colonization metastasis assay. Female athy-
mic nude mice (4–6 weeks old) were injected via lateral tail vein, 
with 106 cells that were trypsinized and suspended in phosphate-
buffered saline. After six weeks, the mice were sacrificed by CO

2
 

exposure, and the lungs were removed and kept in Bouin’s fixa-
tive. Tumor nodules on the lung surface appeared as white tis-
sue patches and were counted and measured under a dissecting 
microscope.

Pull down Rho GTPase activation assay. Pull down analy-
ses to measure levels of activated GTP-bound Rho GTPases 
were done as previously described in reference 29. Briefly, the 
GTP-bound Rho GTPase levels in lysates were measured using 
a glutathione S-transferase (GST) fusion protein containing the 
isolated Rho-GTP binding domain (RBD) derived from the 
RhoA/C effector, Rhotekin (GST-Rhotekin-RBD provided by 
K. Burridge, University of North Carolina—Chapel Hill) or 
from the Rac and Cdc42 effector, the PAK1 serine/threonine 
kinase, GST-PAK-RBD (Cytoskeleton, Inc.). Immunoblot anal-
yses were performed using antibodies against Rac1, Cdc42 and 
RhoA/C for detection of GTP-bound Rho GTPases and for total 
cell lysate protein levels.
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