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ABSTRACT:
The Ral (Ras-like) GTP-binding proteins (RalA and RalB), as effectors of the 

proto-oncogene Ras, play an important role in the molecular pathology of human 
malignancies. However, the role of Ral in ovarian cancer has not been studied before. 
Here, we report that RalA was found to be activated in human ovarian cancer cells 
and tissues as compared to non-malignant ovarian surface epithelial cells or non-
malignant ovarian tissues. The RalA downstream effectors (RalBP1 and CDC42-GTP) 
and regulators (RalGDS, PP2A and Aurora Kinase A) were deregulated in ovarian 
cancer cells in a manner consistent with overactivation of this signaling pathway. 
Inhibition of RalA expression with an anti-RalA lentivirus caused a significant 
reduction in the proliferation and invasiveness of ovarian cancer cells. Similarly, 
pharmacological inhibition of RalA by GGTI-2147 or inhibition of Aurora Kinase A (an 
activator of RalA) also suppressed ovarian cancer cell growth in vitro, and suppressed 
their tumorigenic capabilities in subcutaneous nude mouse model in vivo. Additionally, 
an increase in the levels of RalA activation was detected in a syngeneic mouse model 
for ovarian cancer. Finally, we were interested in investigating the status of RalA 
activation in ovarian cancer stem cells. RalA was found to be active at higher levels 
in ovarian cancer cells expressing CD24 (a marker for ovarian cancer stem cells). 
Together, our findings indicate the important role of RalA in the development of 
ovarian cancer, and shows its potentially significant ramifications in detection, 
prevention, and therapy of this deadly malignancy.  

Significance Statement: Our work reveals, for the first time, that RalA is an 
important contributor to the biology of ovarian cancer. The research delineates the 
inhibition of RalA as a potential strategy to impede the growth and invasiveness of 
ovarian cancer. Additionally, the overactivation of RalA is reported in a syngeneic 
mouse model for ovarian cancer and ovarian cancer stem cells. Therefore, this work 
increases our understanding of ovarian cancer and provides a novel platform for 
development of therapies against this deadly disease.       

INTRODUCTION 

The proto-oncogene Ras promotes cell proliferation, 

survival, migration, and differentiation. It does so through 
its distinct downstream effectors such as extracellular 
signal-related kinase (ERK) [1], Jun amino-terminal kinase 
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(JNK), p38-kinase, and phosphatidylinositol 3-kinase 
(PI3K) and Ral (Ras-like) [2-4]. Ral is coupled to Ras via 
RalGDS (Ral guanine nucleotide dissociation factors). 
Ral proteins (RalA and RalB) are major effectors of Ras 
that have not been explored in human ovarian cancer. The 
Ras-GTP (active Ras) binds to and recruits RalGDS to 
conform Ral proteins from Ral-GDP (inactive) to Ral-GTP 
(active). Activated Ral proteins play an important role in 
a series of biological functions, such as cell exocytosis 
and membrane trafficking. They do so by activating 
various effectors including exocyst complex component 
2 (Exoc2), exocyst complex component 8 (Exoc8), Ral 
binding protein-1 (RalBP1), and zonula occludens-1 (ZO-
1)-associated nucleic acid binding protein (Zonab) [5]. 
Although RalA and RalB are significantly homologous 
in terms of amino acid identity, differences in their 
sub-cellular localization and effector binding results in 
variations in their signaling functionality [6, 7]. Under 
physiological conditions, only RalA is involved in the 
delivery of E-cadherin to the basal membrane of epithelial 
cells [8], and enhances early steps in cytokinesis and cell 
polarity in neurons through the exocyst subunit Exo84 
[9]. RalA regulates synaptic plasticity in partnership 
with the scaffolding protein postsynaptic density protein-
95(PSD-95) [10]. It also promotes insulin exocytosis from 
islet beta cells through exocyst [11]. In contrast, RalB has 
discrete functions, such as the regulation of innate immune 
response through activation of the TANK-binding kinase 1 
(TBK1) by the exocyst subunit Exoc2 [12] and promotion 
of  cytokinesis [13]. 

RalA and RalB are implicated in tumorigenesis 
and play distinct roles in mediating carcinogenesis. 
Over-activated Ral proteins confer many properties 
of malignant phenotypes, such as uncontrolled cell 
proliferation, survival, invasion, and metastasis, as well 
as radio-resistance [14]. In particular, RalA is required 
for anchorage-independent growth. Knockdown of RalA, 
but not RalB, blocks RalGEF-induced tumorigenesis in 
primary epithelial cells [15]. 

Along with others, we revealed that Ral proteins 
are overactivated and correlate with tumorigenicity of 
various human cancers, including malignant peripheral 
nerve sheath tumors [16], cancers of the pancreas [17], 
bladder[18], melanomas[19], lung[20], and cancer stem 
cells[21]. 

In this study, we focused on revealing the 
contribution of RalA to the biology of ovarian cancer and 
its potential value as a therapeutic target. Our findings 
indicated a significant overactivation of RalA and 
elements of its signaling in human cancer cell lines and 
tumor tissues. Elements upstream of RalA, such as aurora 
kinase A (AKA), and effectors downstream of RalA, 
such as RalBP1, were found to be deregulated in human 
ovarian cancer cells and ovarian cancer patient tissues. 
Intervention with the RalA signaling pathway was found to 
have a significant impact on the growth of ovarian cancer 

cells in vitro and in vivo. Additionally, we are reporting 
overactivation of RalA in cells expressing cancer stem 
cell markers, as well as samples from syngeneic mouse 
ovarian cancer model for the first time. 

RESULTS

RalA and RalB are overactivated in human 
ovarian cancer cells

Activation of RalA (conversion from GDP- to 
GTP-bound form) is induced downstream of Ras by 
mediation of RalGDS proteins and results in signaling 
to elements such as RalBP1 and cell division cycle 
42 (CDC42) (Figure 1A). Phospho-aurora kinase A 
(P-AKA) also enhances activation of RalA [28], while 
geranylgeranyltransferase inhibitors (GGTIs) and protein 
phosphatase 2A (PP2A) reduce its activation [29].    

We determined activation of RalA and RalB in 
selected human ovarian cancer cells and primary cultures 
of human ovarian surface epithelial cells (hOSEpiCs). The 
human ovarian cancer cells, OV-177, OV-202, OVCA-
429, OVCAR-5, and SKOV-3 contained higher levels 
of RalA-GTP (active RalA) than hOSEpiCs (Figure 1C). 
All ovarian cancer cells except OV-202 contained RalB-
GTP, while RalB activation was undetectable in hOSEpiC 
(Figure 1C). 

RalA regulators and downstream effectors are 
deregulated in human ovarian cancer cells

Ras, as the upstream activator of Ral pathway, was 
found to be overactivated in three out of five ovarian 
cancer cells lines as compared to hOSEpiCs. The overall 
expression of Ras remained mainly comparable amongst 
these cells lines (Figure 1B). RalGDS, as a transmitter of 
signal from Ras to Ral, was expressed at slightly higher 
levels in cancer cells than normal cells (Figure 1B). 
The expression of RalA downstream effectors RalBP1 
and CDC42 were also determined. While RalBP1 was 
undetectable in four of the ovarian cancers cells (Figure 
1D), activated GTP-bound CDC42 was detected in 
OVCAR-5 and SKOV-3 cells. Considering the role of  
PP2A Aβ in deactivation of RalA [29], we examined the 
expression level of this tumor suppressor gene in ovarian 
cells. PP2A Aβ expression was higher in hOSEpiCs as 
compared to the ovarian cancer cell lines (Figure 1E). 
Finally, AKA as an activator of RalA was found in active 
(phosphorylated) form in OV-177, OV-202, and OVCA-
429 cells, but not hOSEpiC or OVCAR-5 and SKOV-3 
cells (Figure 1E).
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RalA activation is increased in human ovarian 
cancer tumor tissues

In order to further confirm the in vivo relevance 
of overactivation of RalA in human ovarian cancer, we 
investigated the levels of RalA-GTP in six human tumor 
samples and compared them with four non-malignant 
ovarian tissues. The overall level of RalA-GTP was higher 
in cancerous tissues. Notably, the cancer tissues (C1, C3, 
and C2) had increased RalA-GTP as compared to their 
adjacent normal tissues (N1, N2, and N3) (Figure 1F). 
RalB-GTP was also increased in cancer tissues although 
the difference observed was not as drastic as RalA-GTP. 
The right panel in figure 1F shows average band density 
for normal and cancerous tissues in the left 1F panel. 
Additionally, four independent matched ovarian cancer 
and their adjacent normal tissues were analyzed for the 
levels of RalA-GTP using G-Lisa assay (Figure 1G). 
Results are shown in malignant tissues as a percentage of 
matched normal samples. 

Silencing RalA inhibits proliferation and invasion 
of ovarian cancer cells

To explore the functional role of RalA in 
proliferation, we infected ovarian cancer cells with 
lentivirus particles expressing shRNA against RalA (anti-
RalA lentivirus, Multiplicity of Infection(MOI)~10 colony 
forming unit(cfu)/cell) or negative control lentivirus (Neg. 
Ctrl Virus) expressing scrambled shRNA at the same MOI. 
Once tested in OVCAR-5 cells, anti-RalA virus repressed 
RalA protein expression in a significant manner as was 
shown for days 3 and 4 post-infection (Figure 2A). In 
response to silencing  RalA, a significant decrease in the 
proliferation rate of ovarian cancer cells was observed as 
of day 3 post-infection, ending in complete abolishment of 
OVCAR-5 cells by day 6 (Figure 2B). Panel C in Figure 
2 shows the density of cells at day 4 post-infection with 
anti-RalA or control lentivirus.

Another important biological and translationally 
relevant characteristic of ovarian cancer cells is their 
invasiveness. We evaluated the outcome of silencing RalA 

Figure 1: RalA signaling in human ovarian cancer. (A) Activation of RalA, down-stream of Ras, is mediated by RalGDS proteins 
and leads to conversion of RalA-GDP (inactive form) to RalA-GTP (active form). A series of regulators and down-stream effectors interact 
with this machinery. AKA phosphorylates RalA and plays a role in its activation, while PP2A Aβ acts as a suppressor of RalA activation. 
GGTIs down-regulate RalA activation by preventing geranyl-geranylation and therefore its plasma membrane association. One of the most 
important down-stream effectors of RalA involved in pro-oncogenic events is RalBP1, which signals through CDC42. (B-C) Ras, RalA 
and RalB in their active and total form were evaluated by affinity precipitation in a panel of human ovarian cancer cells in comparison to 
hOSEpiCs as their non-malignant counterpart.  (D) Expression of RalBP1 and activation levels of CDC42 were also evaluated in ovarian 
cancer cells.  (E) PP2A Aβ is expressed in all cells studied with highest levels observed in hOSEpiC. P-AKA levels were found to be present 
in three ovarian cancer cells and not in hOSEpiC. (F) The overall theme of overactivation of RalA, RalB and Ras is observed in human 
ovarian cancer tissues (C1-C6) as compared with non-malignant ovarian tissue samples (N1-N4). The right panel shows the average of band 
density for RalA-GTP in normal and cancerous tissues analyzed in the left panel (p<0.05). (G) Four independent matched ovarian cancer 
and adjacent normal tissues were analyzed for RalA-GTP levels using G-Lisa assay. Results are shows as percentage of RalA activation 
compared to normal tissues for each pair.   
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on in vitro invasiveness of OVCAR-5 cells in a modified 
Boyden chamber assay. This assay is based on the 
capability of cells to pass through a matrigel coated base. 
Upon exposure to anti-RalA lentivirus a ~50% reduction 
was observed in invasiveness of these cells at day 2 post-
infection (Figure 2D, left panel). The right panel in Figure 
2D shows the staining of the nuclei of invaded cells using 
DAPI. 

Pharmacological inhibition of RalA confers 
decreased proliferation and invasiveness of 
ovarian cancer cells

Although specific inhibitors of RalA are not 
available, this pathway can be influenced using 
pharmacological agents that reduce activation of RalA. 
Since geranylgeranylation of RalA is necessary for its 
activation [6], application of geranylgernayltransferase 
inhibitors (GGTIs) can be considered as one of the 
strategies to reduce the activation of RalA [30]. We 
have used GGTIs in our previous studies for such a 
purpose [16]. GGTI-2147 used in this study is a cell-
permeable non-thiol peptidomimetic that acts as a potent 
and selective inhibitor of geranylgeranyltransferase I 
(GGTase I) [31, 32]. GGTI-2147 at the concentrations 
ranging 0.5-50µM inhibited RalA activation; however, 
Ras activation remained relatively unchanged at these 

concentrations (Figure 3A). Under such conditions, the 
proliferation of OVCAR-5 cells was reduced significantly 
at 48 and 120 h post-exposure to the drug (Figure 3B). 
Figure 3C shows the morphology of these cells as exposed 
to different concentrations of GGTI-2147. A progressive 
loss of viability was observed by increasing concentration 
of GGTI-2147, while DMSO-treated cells remained 
healthy. We also studied the invasiveness of these cells 
once exposed to GGTI-2147 and observed a ~50% loss at 
50µM concentration of GGTI-2147 (Figure 3D). Figure 
3E shows the DAPI staining of the nuclei of invaded cells. 
In order to reveal the possible mechanism by which such 
loss of invasiveness occurs, we investigated the expression 
levels of two important markers involved in this matter, 
i.e., α-E-Catenin and N-Cadherin. Interestingly, the 
expression of α-E-Catenin, an invasion suppressor gene, 
was significantly elevated by increasing concentrations of 
GGTI-2147. The expression of N-Cadherin, a pro-invasion 
marker, was reduced under such conditions (Figure 3F). 

In the next step, OVCAR-5 cells were treated with 
another pharmacological inhibitor influencing RalA 
activation, Aurora Kinase Inhibitor II (AKI-II) [33]. This 
compound is a cell-permeable anilinoquinazoline that acts 
as a potent, selective, and ATP-competitive inhibitor of 
AK. Once again, cell proliferation was inhibited by AKI-
II [25µM] in harmony with a reduction in the activation 
levels of RalA-GTP (Figure 3G). 

Figure 2: Inhibition of RalA expression in ovarian cancer cells. (A) Ovarian cancer cells OVCAR-5 were infected with lentivirus 
encoding shRNA against RalA(Anti-RalA Virus) or scrambled shRNA (Neg. Ctrl Virus) at MOI 10(cfu/cells). RalA expression levels are 
shown for day 3 and 4 post-infection. (B) The effects of anti-RalA or negative control virus (MOI~5) on proliferation of OVCAR-5 cells is 
studied till day 8th post-infection (p<0.05). (C) Callout panels show the density of cells treated with Anti-RalA or Negative Control virus at 
day 4 post-infection. (D) For invasion assay, OVCAR-5 cells were transferred to invasion chambers at day 2 post-infection. The nuclei of 
invaded cells was stained with DAPI and counted under the microscope. The left graph shows the percentage of invaded cells in anti-RalA 
treated cells as compared to negative control treated virus (p<0.05). The right panel shows one of the microscopy fields used for counting 
invaded cells.
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RalA activation is increased in CD24+ ovarian 
cancer cells

Recent theories have presented the field of oncology 
with the concept of “cancer stem cells (CSCs)” as the main 
fraction of cells within a heterogenous population capable 

of repopulating tumor mass following treatment [34, 35]. 
According to this theory, resistance of CSCs to current 
modalities is the main reason for the failure of cancer 
therapy. Therefore, revealing biological and signaling 
characteristics of CSCs is of significant importance 
in designing effective cancer therapeutics. A series of 
markers [36-38] have been suggested to be associated 

Figure 3: Reduced RalA activation represses ovarian cancer cell growth and invasion. (A) OVCAR-5 cells were treated with 
GGTI-2147, a potent inhibitor of GTPase geranyl-geranylation resulting in a reduction in RalA-GTP, but not Ras-GTP levels. Cells were 
treated with GGTI-2147 at the concentrations indicated for 48 h and harvested for pull-down assay to assess RalA or Ras activation. (B) 
Proliferation of OVCAR-5 cells under treatment with GGTI-2147(5, 10 and 50 µM) was graphed as percentage of control at 24, 48 and 120 
hours post-treatment. (C) Increase in concentration of GGTI-2147 resulted in lower density of cultured ovarian cancer as was investigated 
by light microscopy. (D) Treatment of OVCAR-5 cells with GGTI-2147 at indicated concentrations resulted in loss of invasiveness in a 
significant manner (p<0.05). (E) Visualization of nuclei of invaded cells (DAPI staining) treated with GGTI-2147 or DMSO at 48 h post-
exposure to the chemicals. (F) GGTI-2147 treatment influences the expression levels of the pro-invasion protein, N-Cadherin. On the other 
hand, the level of anti-invasion protein, α-E-Catenin is increased under the same conditions. (G) Once treated with AKI-II, the invasiveness 
of OVCAR-5 cells is studied at 0.5 and 25µM concentration of the inhibitor, (left panel, p<0.05). The right panel confirms the effective 
inhibition of RalA activation at 25µM concentration (but not 0.5 µM) of AKI-II.     
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with ovarian CSCs, of which CD24 [39-41] has gained 
significant attention. CD24+ subset of ovarian cancer cells 
is shown to possess various cancer stem cell properties, 
epithelial-mesenchymal transition (EMT) phenotype and 
high invasive capacity[42]. Therefore, we decided to study 
the overactivation of RalA in CD24+ cells in an attempt 
to reveal biological features of these cells in the context of 
RalA signaling. Using fluorescence activated cell sorting 
(FACS), both SKOV3 and OV429 cells were shown to 
express CD24 at high levels (35% and 16% respectively) 
while hOSEpiCs only expressed CD24 at below 1% range 
(Figure 4A). In order to evaluate the activation of RalA 
in CD24+ cells, we further enriched these cells by flow 
cytometry to ~58%, named as CD24high fraction (Figure 
4B, lower panel). A population of cells was also depleted 
(~0.9%) from expression of this marker, referred to as 
CD24low fraction (Figure 4B, upper panel). The levels of 
RalA-GTP in CD24low cells was found to be lower than 
CD24high fraction, while the basal expression level of 
RalA was comparable in these cells (Figure 4C). This was 
taken as an evidence that overactivation of RalA might 
contribute to the biology of ovarian cancer at the level of 
cancer stem cells. Band density was also evaluated for 
RalA-GTP in figure 4C showing ~1.85 fold increase in 
RalA-GTP in CD24high as compared to CD24low. 

Reduced RalA activation represses the growth of 
subcutaneous human ovarian cancer xenografts 
in nude mice 

In order to evaluate the in vivo effects of reducing 
RalA activation on growth of ovarian cancer cells, we 
studied the growth of OVCAR-5 cells in subcutaneous 

(SC) mouse model for ovarian cancer. OVCAR-5 cells 
were exposed to the GGTI-2147 and AKI-II for 48 h and 
injected to the right flank of nude hairless mice, while the 
left flank was injected with the vehicle (DMSO) treated 
cells. GGTI-2147 treatment resulted in a significantly 
smaller (p<0.05) volume of tumor than DMSO-treated 
controls until day 14 post-inoculation (Figure 5A). At 
day 21 post-inoculation, tumor volumes of GGTI-2147-
treated xenografts were similar as vehicle-treated controls, 
indicating the need for continuous administration of 
GGTI-2147 in order to gain long-term tumor regression in 
vivo. We also examined the effects of AKI-II [20µM] in a 
resembling manner. No tumor growth was observed at day 
14 post-inoculation for AKI-II treated cells, while tumor 
volumes remained significantly (p<0.05) smaller than 
DMSO-treated tumors even at day 25 post-inoculation 
(Figure 5B). Figure 5C shows the subcutaneous tumors in 
GGTI-2147-treated animals at day 14. Figure 5D shows 
extracted tumors for AKI-II-treated animals at day 25 
post-inoculation.

Pre-exposure to anti RalA-virus reduces in-vivo 
tumorigenesis of ovarian cancer cells

In order to investigate if silencing RalA can inhibit 
in-vivo tumor growth of ovarian cancer, we mixed 
OVCAR-5 and OVCA429 cells with anti RalA-lentivirus 
or negative control lentivirus and injected them via SC to 
the flank of male athymic nude mice (Left side: Control 
virus, Right side: Anti-RalA virus, n=5 for each cell line). 
The SC tumor growth was followed for both groups 
and the final tumor sizes were recorded at 20 days post-
injection for OVCAR-5 cells (Figure 5E) and 14 days 

Figure 4: Overactivation of RalA-GTP in CD24+ ovarian cancer cells. (A) CD24 is suggested as a potential marker for ovarian 
cancer stem cells and is expressed in higher levels in ovarian cancer cells (OVCA-429 and SKOV-3) as compared to hOSEpiCs. (B) SKOV-
3 cells were sorted for expression of CD24 resulting in a population with high level of CD24 expression (or CD24high with 57.8% positivity 
for CD24) and a population negative for CD24 expression (or CD24low). (C) CD24high, CD24low and pre-sort (unsorted) cells were evaluated 
for RalA activation by affinity precipitation. Density of RalA-GTP bands was also evaluated and graphed. 
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post-injection for OVCA429 cells (Figure 5F). In both 
cases, inhibition of tumor growth was observed. In Figure 
5E, we used MOI~10 and MOI~20. Individual tumor 
volumes are graphed in the upper chart and volumes are 
mentioned in the middle table. The lower pictures show 
the animals with SC tumors at the end of the study (Red 
circles: Control virus injected, Yellow circles: Anti-RalA 
virus injected) and the extracted tumors.

Figure 5F shows the results from treating OVCA429 
cells with MOI~20 of the anti-RalA and control viruses. 
Once again, a smaller tumor size was observed for the 
anti-RalA virus treated tumors. The upper graph and chart 
offer individual tumor sizes. The lower left and right 
panels show mice bearing tumors at the end of the 20-day 
course of the study (Red circles: Control virus injected, 
Yellow circles: Anti-RalA virus injected). Extracted 
tumors are shown in the lower right panel. 

Syngeneic mouse model for ovarian cancer shows 
enhanced activation of RalA 

On the basis of the hypothesis that multiple passages 
of ovarian surface epithelial cells in vitro might induce 
malignant transformation, a syngeneic mouse model for 
ovarian cancer has been developed [43, 44]. This model 

is based on repeated passage of mouse ovarian surface 
epithelial cells (MOSECs) for more than 20 rounds 
when cell morphology is drastically changed and contact 
inhibition of cells is lost. Figure 6A shows the origination 
of MOSECs from the epithelial crust of ovaries. While 
low passage MOSECs maintain their normal morphology 
(Figure 6B), high passage MOSECs exhibit a significant 
change in morphology as well as loss of contact inhibition 
(Figure 6C). Further studies showed tumor forming 
potentials for high passage MOSECs[44]. Intraperitoneal 
(IP) injection of these cells to C57BL6 mice generated the 
growth of abdominal cavity tumors as well as hemorrhagic 
ascites fluid in resemblance to stage III-IV of human 
ovarian cancer. Figure 6E shows the time course of 
development of the abdominal cavity tumor and ascites 
following injection of high passage MOSECs. Figure 6D 

Figure 5: Decreased activation of RalA inhibits tumorigenesis in vivo. (A-B) Male athymic nude mice were subcutaneously 
injected with the OVCAR-5 cells pre-treated with GGTI-2147 [25µM] or AKI-II [20µM]. Tumor volumes were recorded as tumors became 
palpable until 21 days post-injection for the GGTI-treated group or 25 days for AKI-II treated group. (C) Subcutaneous tumors in mice are 
shown at day 14 post-injection. Red circles present tumors developed from DMSO pre-treated cells while yellow circles present tumors 
developed from GGTI-2147 pre-treated cells (n=5). (D) Subcutaneous tumors from nude mice (n=5) were extracted at day 21 for both 
DMSO and AKI-II pre-treated cells. (E) 1x106 OVCAR5 cells were mixed with MOI~10 and 20 of Anti-RalA (right side) or negative 
control lentiviruses (left side) and injected via SC to the nude mice. Tumor volumes were followed and at 20 days post-injection the animals 
were sacrificed and tumors were extracted and measured. Individual final volumes of each tumor are graphed in the upper chart and table. 
Lower pictures show SC and extracted tumors at the end of the study. (F) 1x106 OVCA429 cells were mixed with MOI~20 Anti-RalA (right 
side) or negative control lentiviruses (left side) and injected via SC to the nude mice. Tumor volumes were followed and at 14 days post-
injection the animals were sacrificed and tumors were extracted and measured. Individual final volumes of each tumor are graphed in the 
upper chart and table. Lower pictures show SC and extracted tumors at the end of the study.
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shows the infiltration of ID8 to mouse ovary (upper panel) 
and development of mouse ovarian tumor. ID8 is a high 
passage MOSEC cell which expresses green fluorescent 
protein, GFP. The middle panel of Figure 6D exhibits the 
expression of GFP in ID8 cells in the corresponding upper 
panel. The lower panel of Figure 6D shows a histological 
section of mouse ovary surrounded by ID8 tumor. 
Arrowheads show these tumors surrounding the ovary.

Finally, in order to investigate the levels of RalA 
activation in this model, a series of late passage MOSECs 
(ID8, IG10, IC5, and IF5) and mouse ovarian cancer 
tissues were analyzed. Whereas all MOSECs showed 
activation of RalA, the level of RalA-GTP was higher in 
four of five ovarian tumor tissues (C1-C4) as compared to 
the normal ovarian tissues (N1-N2). This, once again, was 
taken as evidence for the significant involvement of RalA 
in the molecular etiology of ovarian cancer.

DISCUSSION

This study reveals the key role of RalA in the 
biology of human ovarian cancer. We have identified 

that RalA, RalB, and their upstream activator, Ras, were 
overactivated in human ovarian cancer cells as compared 
to non-malignant ovarian surface epithelial cells. The 
expression of RalA downstream effectors and regulators 
which modulate RalA activity at post-translational levels 
was also derailed to enhance Ral signaling in cancer cells 
and tissues. 

In order to further evaluate the role of Ral pathway 
in ovarian cancer, we focused our efforts on studying RalA 
in this disease. Targeting RalA for translational studies is 
justifiable since the studied panel of ovarian cancer cells 
and tissues, as well as the syngeneic mouse model for 
ovarian cancer, all exhibited a notable activation level of 
RalA. It is likely that RalA is the essential small G-protein 
that confers ovarian cancer cell survival. Notably, 
OVCAR-5 and SKOV-3 had enhanced RalA activity 
but reduced Ras activity. This suggests a partial Ras-
independent activation of RalA, which has been reported 
before in other models [7, 12, 45]. At post-translational 
levels, RalA is regulated by PP2A Aβ [46] and AKA [47, 
48]. Tumor suppressor PP2A Aβ de-phosphorylates RalA 
at Ser183 and Ser194, leads to a reduced activation of 

Figure 6: Overactivation of RalA in syngeneic mouse model for ovarian cancer. (A) The origination of MOSECs from 
epithelial crust of ovaries and their growth in vitro. (B) Low passage MOSECs maintain their normal morphology. (C) High passage 
MOSECs exhibit a significant change in morphology as well as loss of contact inhibition. (D) Upon intraperitoneal (IP) injection to mouse, 
ID8 cells (a high passage MOSEC cell which expresses green fluorescent protein or GFP) localize to mouse ovary. Upper panel shows 
appearance of the tumor while lower panel exhibits GFP expression from ID8 cells. Figure 6D lower panel shows a histological section of 
mouse ovary surrounded by tumors developed from ID8 cells. Arrowheads show these tumors surrounding the ovary. (E) Once ID8 cells 
are injected IP to C57BL6 mice, they generate abdominal cavity tumors as well as hemorrhagic ascitis fluid in resemblance to stage III-IV 
of human ovarian cancer. This figure shows the time frame for development of abdominal tumors. (F) Late passage MOSECs (ID8, IG10, 
IC5 and IF5) as well as mouse ovarian cancer tissues (C1-C5) along with two normal ovarian tissues (N1-N2) were analyzed for activation 
of RalA by affinity precipitation assay. 
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RalA [46], whereas AKA-mediated phosphorylation of 
RalA at Ser194 plays a critical role in RalA activation 
[48]. Our findings that ovarian cancer cells had reduced 
expression of PP2A Aβ but enhanced phosphorylated AKA 
elucidate the mechanism underlying RalA overactivation. 
Members of the aurora family of serine/threonine kinases 
are essential for mitotic progression. Particularly, AKA is 
pivotal for centrosome function and spindle assembly [14]. 
Over-expression of AKA transforms fibroblasts, whereas 
selective inhibition of AKA confers abnormal mitotic 
spindles, chromosome segregation defects [49], and 
decreases in the growth of human tumor xenografts [49]. 
Elevated AKA expression is implicated in human ovarian 
cancer patients [50] and gastroenterological cancers [51, 
52]. Our findings about elevated levels of AKA in ovarian 
cancer and the effects of AKI-II on reduction of RalA 
activation, and the subsequent decrease in proliferation 
and tumorigenesis, establishes Ral pathway as a part of 
the pro-proliferative machinery of AK. Importantly, once 
cells were exposed to AKI-II, the only effective decline 
in cell proliferation was observed at concentrations which 
were inhibitory to RalA activation. 

Post-translational modifications, including 
prenylation, proteolysis, carboxymethylation, and 
palmitoylation, are essential for correct membrane 
binding and full biological activities of Ral proteins 
and other small G-proteins [53]. Prenylation of small 
G-proteins is catalyzed by farnesyl transferase (FTase) 
or geranylgeranyltransferases I and II (GGTase I and II). 
RalA and RalB are extensively geranylgeranylated by 
GGTase I at C-terminal CAAX motifs that dictates proper 
localization to specific cellular membranes and enables 
sufficient small G-proteins signaling transduction and 
biological activity [32]. We examined whether decreased 
RalA activation by interfering with geranylgeranylation 
influences the viability of ovarian cancer cells. As 
expected, GGTI-2147 at a concentration that inhibits RalA 
(but not Ras) suppresses ovarian cancer cell proliferation, 
invasion, and in vivo tumorigenesis. However, the results 
indicate that repeated administration of GGTI-2147 may 
be necessary for achieving permanent tumor regression. 
Also, the compensatory responses by other targets of 
GGTI, such as members of Rho subfamily (Rac1 and 
RhoA) and trimeric G-protein γ-subunit [54, 55], might 
offset the acute suppression of cell survival by GGTI-
2147; however, we determined that Ras activation was not 
affected by GGTI-2147 at the concentration used. In this 
scenario, AKI-II exerts a more sustained tumor regression. 
This might also be related to the inhibition of non-RalA 
related pro-growth effects of AK. 

The loss of viability of ovarian cancer cells upon 
gene specific silencing for RalA not only suggests this 
pathway as a potential therapeutic target but also presents 
a novel possibility for gene therapy of ovarian cancer. On 
the other hand, the suppressive outcome of inhibition of 
Ral pathway on ovarian cancer cell invasiveness by both 

gene specific silencing and pharmacological inhibition 
of RalA is reminiscent of our previous studies about 
alterations in epithelial-mesenchymal transition (EMT) 
markers following inhibition of RalA [16]. However, 
in this work we are also reporting the alteration of two 
important elements involved in invasiveness (α-E-
Catenin and N-Cadherin) as a consequence of GGTI 
treatment. α-E-Catenin, as a mediator of attachment 
between Cadherins and cytoskeleton, is usually lost 
during the progression of  human cancers [56]. It is 
also reported that α-E-Catenin gene (CTNNA1) acts as 
an invasion suppressor gene [57]. The increase in the 
expression level of α-E-Catenin in response to GGTI 
treatment can be considered a novel mechanism for the 
observed anti-invasion effects. Similarly, down-regulation 
of N-Cadherin, a classic effector of the pro-invasion 
“E- to N-Cadherin switch,” plays a role in the reduced 
invasiveness of ovarian cancer cells.

Finally, we would like to point out the important 
ramifications of this study for the prevention and/or early 
diagnosis of ovarian cancer. The first clue for such a claim 
is obtained from our data regarding increased activation of 
RalA in CD24+ cells. With an increased level of evidence 
about this antigen as one of the markers of cancer stem 
cells, and on the basis of the current theories proposing 
the preceding role of CSCs in tumor development, the 
increased level of RalA might be considered an early 
signaling event in pro-neoplastic transformation of ovarian 
cells. Therefore, increased RalA activation may serve as 
an early diagnostic marker. Additionally, intervention 
with this pathway might provide a method for prevention 
of ovarian malignant transformation. Increased RalA 
activation observed in syngeneic mouse model for ovarian 
cancer offers an interesting possibility for studying the 
role of RalA signaling in diagnosis, prevention, or therapy 
of ovarian cancer. Other transgenic mouse models [58] can 
also be studied in this regards as well .

MATERIALS AND METHODS

Chemical, Antibodies, and Reagents 

Geranylgeranyltransferase inhibitor-2147 (GGTI-
2147) (4-[[N-(Imidazol-4-yl) methyleneamino]-2-
(1-naphthyl) benzoyl] leucine methyl ester, purity by 
HPLC 97.6%) and Aurora Kinase Inhibitor II (AKI, 
4-(4′-Benzamidoanilino)-6,7-dimethoxyquinazoline) 
were purchased from Calbiochem (CA, USA). Antibodies 
specific for RalA, RalB, Ras, CDC42, and tublin were 
purchased from Millipore (MA, USA). Antibodies against 
RalBP1, aurora kinase A, phosphorylated aurora kinase 
A (Thr288)/ aurora B (Thr232)/ aurora C (Thr198), α-E-
Catenin, N-Cadherin, and β-actin were purchased from 
Cell Signaling (MA, USA). Antibody specific for RalGDS 
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was purchased from Santa Cruz Biotechnology (CA, 
USA). Inhibitors GGTI-2147 and AKI-II (Calbiochem) 
were dissolved in dimethyl sulfoxide (DMSO). The final 
concentration of DMSO in medium was 0.1 % for all 
indications. FITC (Fluorescein isothiocyanate) and PE 
(R-Phycoerythrin)-labeled antibodies and isotype controls 
were from BD Biosciences (MD, USA). 

Cell culture 

OVCAR-5 and SKOV-3 cells were cultured in 
RPMI-1640 medium supplemented with 10% fetal bovine 
serum (FBS) (Sigma, MO, USA). OV-177 and OVCA-
429 cells (generous gifts from Dr. K.R. Kalli, Mayo 
Clinic, Rochester, MN, USA) [22, 23] were cultured in 
Dulbecco’s Modification of Eagle’s Medium (DMEM) 
(Sigma) supplemented with 10% FBS. OV-202 cells 
were cultured in Minimum Essential Medium Eagle 
(Lonza, PA, USA) supplemented with 20% FBS and 2 
mM L-glutamine (Sigma). The above mediums were 
supplemented with penicillin (100 U/ml) and streptomycin 
(100 mg/ml) (Sigma). Human ovarian surface epithelial 
cells (hOSEpiC) (ScienCell, CA, USA) were cultured 
in Ovarian Epithelial Cell Medium supplemented with 
growth factors provided by the manufacturer. The cells 
were cultured at 37 ºC in 5% CO2 and 95% relative 
humidity.

RalA and RalB affinity precipitation assays

Activated RalA and RalB were detected using the 
Ral Activation Assay Kit (Millipore). Cells were washed 
with ice-cold phosphate-buffered saline (PBS) and 
scraped on ice with 1X Ral Activation Buffer (RAB) for 
RalA or 1X Magnesium-containing Lysis Buffer (MLB) 
for RalB. Human tissues were homogenized in ice-cold 
RAB or MLB, then mixed with Protein A/G PLUS agarose 
beads (Santa Cruz Biotechnology) to reduce non-specific 
proteins. Protein concentration was determined using the 
BCA protein assay kit (Pierce, IL, USA). Lysates (250μg) 
from cell lines and 500μg from tissues were mixed with 
10μl or 20μl of RalBP1 agarose beads, respectively. Each 
reaction mixture was supplemented with RAB up to 1 
ml and was gently rocked at 4 ºC for 3 h. Agarose beads 
were collected by brief centrifugation, washed three times 
with RAB, and mixed with 6X Laemmli reducing sample 
buffer and boiled for 5 min. Total beads were loaded onto 
4-20% SDS-polyacrylamide gradient gel (Bio-Rad, CA, 
USA) for electrophoresis. Proteins were transferred onto 
a nitrocellulose membrane and incubated overnight with 
anti-RalA or anti-RalB antibodies (Millipore) at 4 ºC. The 
membrane was washed and incubated with secondary 
antibody at room temperature for 1 h. After washing, 
the protein was detected with ECL kit (Millipore). Since 
only activated RalA or RalB is precipitated during affinity 

precipitation, western blot results represent activated 
fractions of RalA or RalB. 

Ras pull-down assay 

Activated Ras was detected using a Ras Activation 
Assay Kit (Millipore) according to the manufacturer’s 
instructions and our previous work [24-26]. All procedures 
were the same as Ral activation assay except the use of 
Raf-1 RBD agarose beads and Magnesium lysis buffer 
optimized for the precipitation of active Ras. An anti-Ras 
antibody was used for western blotting at a later stage. 

Protein Quantification

Malignant and matched normal ovarian tissues were 
provided by the University of Kansas Cancer Center Tissue 
Bank. Tissue was homogenized in cell lysis buffer (Cell 
Signaling) using a gentleMACS Dissociator (Miltenyi 
Biotec, Bergisch Gladbach, Germany) at manufacturer 
recommended settings. Homogenized ovarian tissue 
samples were then used for protein quantification using 
Coomassie Protein Assay Kit (Thermo Fisher Scientific, 
MA, USA) and read on a Benchmark Plus Microplate 
Spectrophotometer (Bio-Rad) using Microplate Manager 
(Bio-Rad) software to analyze and interpret the absorbance 
values. 

G-LISA Ral Activation Assay

Ral activation activity was measured according to 
the G-LISA Ral Activation Assay kit (Cytoskeleton Inc., 
CO, USA). The G-LISA Ral Activation Assay is based on 
the principle of linked Ral-GTP binding proteins in the 
provided 96 well plate. Upon adding the tissue lysates to 
the wells, the active GTP-bound Ral in the tissue lysates 
will bind to the wells while inactive GDP-bound Ral will 
be removed through the washing steps. The degree of 
Ral activation is discerned from the absorbance readings 
at a wavelength of 490nm with the aid of colorimetric 
detection substrates that are added to the wells.The ovarian 
tissues underwent protein equalization in cold lysis buffer 
and cold binding buffer to yield comparable results when 
measuring Ral activation activity. The Ral activation assay 
protocol was performed as outlined in the manufacturer’s 
protocol. Prior to the addition of our samples to the Ral 
assay microplate, 100µL of ice cold water was added to 
dissolve the powder in each well. After the powder had 
dissolved, we proceeded with the addition of the ovarian 
tissue lysates, positive Ral control protein, and buffer 
blank to the wells of the Ral-GTP binding microplate. The 
microplate was then transferred to a cold orbital shaker at 
200 rpm for 20 minutes in 4°C. After 20 minutes, the plate 
was removed from the cold orbital shaker with the solution 
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discarded before washing twice with 200µL wash buffer. 
Following the washing steps, 200µL of room temperature 
Antigen Presenting Buffer was added to each well and 
left to incubate at room temperature for 2 minutes. The 
wells were then washed three times with 200 µL of room 
temperature wash buffer. We then added 50 µL of 1/50 
anti-Ral primary antibody diluted in Antibody Dilution 
Buffer to each well and placed the plate on a room 
temperature orbital shaker (200 rpm) for 45 minutes. The 
anti-Ral primary antibody solution in the wells was then 
discarded and the wells were washed three times with 200 
µL of wash buffer. We then prepared 1/100 of secondary 
HRP labeled antibody in Antibody Dilution Buffer and 
added 50µL of the diluted secondary antibody to each well 
and placed the plate on the microplate shaker (200 rpm) 
for 45 minutes at room temperature. After incubation, we 
discarded the solution in the wells and proceeded with 
three wash steps as before. Then we added 50 µL of HRP 
detection solution to each well and incubated at room 
temperature for 15 minutes before adding 50 µL HRP Stop 
solution to all wells. The microplate was then analyzed 
by an endpoint protocol on Microplate Manager software 
using a Benchmark Plus Microplate Spectrophotometer. 
The endpoint protocol was set for a single 490 nm 
wavelength with 5 seconds of shaking. The resulting Ral 
activation signal was compared using a template provided 
by the manufacturer for analyzing the experimental data.

Lentivirus infection 

Lentivirus particles carrying shRNA(5’-GATCCGA
CAGGTTTCTGTAGAAGATTCAAGAGATCTTCTAC
AGAAACCTGTCTTTTT-3’) against RalA or scrambled 
shRNA5’-GATCCTTCTCCGAACGTGTCACGTTTCAA
GAGAACGTGACACGTTCGGAGAATTTTT-3’)(Santa 
Cruz Biotechnology) which is not capable of silencing of 
any known cellular mRNA were used to infect OVCAR-5 
cells at MOI~10 cfu/cell . This was done in the presence 
of 5µg/ml polybrene (Santa Cruz Biotechnology) in 
accordance to the protocol provided by the manufacturer 
and our previous work [16, 27]. At the indicated times 
post-infection, proliferation, invasion and/or western blot 
assays were performed after harvesting the cells in general 
lysis buffer (Cell Signaling).

Proliferation assay

OVCAR-5 cells were plated in 96-well plates and 
cultured in growth medium overnight. On the following 
day, the cells were infected by lentivirus particles 
(MOI~10 pfu/cell) or treated with inhibitors. At the 
indicated time points, a proliferation assay was performed 
as described previously using the WST-1 assay [24, 27]. 

Invasion assay

A cell invasion assay was performed using BioCoat 
Matrigel Invasion Chamber (BD Biosciences) as was 
previously described [16]. Briefly, OVCAR-5 cells were 
plated in 24-well plates and cultured overnight followed 
by lentivirus infection or inhibitor treatment. Forty-eight 
hours post-infection or post-inhibitor treatment, cells were 
transferred into Matrigel-coated inserts fitting 24-well 
plates and cultured for 22 h. After the cells penetrated the 
layer of Matrigel and accumulated on the external surface 
of the inserts, the membrane was fixed and the fraction 
of invaded cells was detected by 4’,6-diamidino-2-
phenylindole (DAPI) staining and counted by microscopy.

Western blotting

Cells were washed twice with ice-cold PBS (Sigma), 
lysed using general cell lysis buffer (Cell Signaling), 
and normalized for total protein concentration. Proteins 
(15-150 µg) were separated on 4-20% or 10% Criterion 
Precast Gel (BD Biosciences) and electro-transferred to 
nitrocellulose membrane. Membranes were incubated 
with the appropriate primary antibody overnight at 4 ºC, 
followed by incubation with a secondary antibody and 
detected by enhanced chemical luminescence (ECL) kit 
(Millipore). Membranes were re-probed with β-actin or 
tubulin antibodies to verify equal loading of protein.

In vivo tumor growth

Athymic nude mice (Hsd: Athymic Nude-
Foxn1nu), 5-7 weeks of age, were purchased from Harlan 
Laboratories (IN, USA). All procedures were conducted 
in accordance with the National Institute of Health’s 
Guidelines for the Care and Use of Laboratory Animals, 
and approved by the University of Kansas Medical 
Center’s Institutional Animal Care and Use Committee. 
OVCAR-5 cells were treated with DMSO (0.1%), GGTI-
2147 (12.5 µM), or AKI (25µM) for 48 h. The cells were 
then harvested and cell viability was determined the 
Countess Automated Cell Counter (Invitrogen, CA, USA). 
Cells were washed and re-suspended in a 1:1 mixture of 
growth media/matrigel for a final volume of 100µL and 
injected subcutaneously (SC) to the flank of the mouse 
under anesthesia. Tumor diameters were measured using 
a digital caliper every week and tumor volume was 
calculated by formula [tumor volume (mm3) = (length 
[mm]) × (width [mm]) 2 × 0.52]. All animal experiments 
were performed according to a protocol approved by the 
University of Kansas Medical Center’s related committees 
to assure humane treatment of animals.
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Flow Cytometry 

Cells were harvested using cell dissociation buffer 
(Sigma), washed and labeled with antibodies under 
optimized conditions. Antibodies used were FITC- or 
PE-labeled CD24 and isotype control (BD Biosciences). 
SKOV-3 cells were incubated with CD24 antibody at 
1:10 dilution and a temperature of 4 ºC for 10 min in 
the darkness.  Cells were washed twice and stained with 
propidium iodide to exclude dead cells from the analysis.  
The cells were analyzed on a BD Biosciences LSRII flow 
cytometer and analyses of data were performed using 
FlowJo (Tree STar, OR, USA) software. 

Statistical analysis 

All values are expressed as mean ± SD and were 
analyzed using two-tailed Student’s t-test. A p<0.05 was 
considered significant. The α-value was set at 0.05. 
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