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A B S T R A C T

Lysophosphatidic acid (LPA) augments proliferation and metastasis of various cancer cells.

We recently identified a critical role of the Rho/ROCK pathway for LPA-induced proteolytic

enzyme expression and cancer cell progression. In the present study, we elucidate the un-

derlying mechanisms by which LPA induces Rho activation and subsequent cellular inva-

sion, and the reversal of these effects by resveratrol. We observed that both Gi and G13

contribute to LPA-induced EGFR activation. The activated EGFR in turn initiates a Ras/

Rho/ROCK signaling cascade, leading to proteolytic enzyme secretion. Further we provide

evidence that resveratrol inhibits EGFR phosphorylation and subsequent activation of

a Ras/Rho/ROCK signaling. Therefore, we demonstrate a mechanistic cascade of LPA acti-

vating EGFR through Gi and G13 thus inducing a Ras/Rho/ROCK signaling for proteolytic en-

zyme expression and ovarian cancer cell invasion, as well as interference of the cascade by

resveratrol through blocking EGFR phosphorylation.

ª 2012 Federation of European Biochemical Societies.

Published by Elsevier B.V. All rights reserved.
1. Introduction 2-acyl-lysophosphatidic acid, LPA) is a biolipid mediator that
Ovarian cancer is the fifth cause of cancer-related death in

women in North America and the leading cause of death

from gynecological malignancies (Ozols et al., 2004; Siegel

et al., 2012). Likemany other types of cancer, themain reasons

for the low survival rate for ovarian cancer patient are the lack

of effective early detection and treatment, as well as the

highly metastatic nature of disease (Gardner et al., 1995).

Ovarian cancer disseminates throughout the peritoneal cavity

with the main site of ovarian cancer metastasis being the

omentum (Nieman et al., 2011). Lysophosphatidic acid (1- or
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is involved in various pathophysiological events, including

ovarian cancer invasion and metastasis (Mills and

Moolenaar, 2003). In ovarian cancer, LPA contributes to tumor

development, progression, and metastasis and is increased in

both plasma and ascites of ovarian patients compared to pa-

tients with benign ovarian masses and healthy subjects

(Bese et al., 2010; Xu et al., 1998). Ovarian cancer cells also pro-

duce LPA, thereby maintaining a LPA-rich microenvironment

(Fang et al., 2002). LPA binds to a series of high-affinity cell-

surface G protein-coupled receptors (GPCRs). There are at least

six GPCRs currently identified as LPA receptors, designated
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LPA1-6 (Noguchi et al., 2009). Other putative GPCRs that seem

to bind and respond to LPA also have been identified (Tabata

et al., 2007; Murakami et al., 2008).

Resveratrol (3,4,50-trihydroxystilbene) is a naturally occur-

ring phytoalexin produced by a wide variety of plants in re-

sponse to stress, injury and fungal infection. Resveratrol has

been shown to suppress diverse cellular events associated

with cancer growth and progression (Jang et al., 1997). This

phytoalexin compound has been shown to suppress LPA-

induced ovarian cancer cell migration through blocking the in-

duction of HIF-1a and VEGF (Park et al., 2007) by unknown

mechanisms. The EGFR plays an oncogenic role in a number

of human cancers, including ovarian cancer (Sheng and Liu,

2011). Recent studies demonstrate that the EGFR serves as an

importantmediator for LPA-inducedovarian cancer cellmigra-

tion and invasiveness. EGFR phosphorylation is required for

LPA-induce cyclooxygenase-2 (COX-2) expression to stimulate

ovarian cancer cell migration (Jeong et al., 2008). In addition,

EGFwas shown to increase production of LPA, leading to aggra-

vated ovarian cancer cell progression (Snider et al., 2010).

Recently, we uncovered an important role for RhoA in LPA-

induced proteolytic enzymematrix metalloproteinase (MMP)-

9 and urokinase plasminogen activator (uPA) expression and

ovarian cancer cell invasion (Jeong et al., 2012). This small

GTPase is upregulated in metastatic peritoneal lesions com-

pared to primary tumors of advanced ovarian carcinoma

(Dolo et al., 1995) and plays an important role in the peritoneal

dissemination of ovarian cancer cells (Horiuchi et al., 2008). To

extend the knowledge on the molecular and cellular basis of

LPA-induced Rho activation and proteolytic enzyme expres-

sion, we demonstrate a critical role for LPA-induced EGFR

phosphorylation in activation of the Ras/Rho/ROCK signaling

cascade. Resveratrol impinges on this cascade at the level of

EGFR phosphorylation leading to reduction of proteolytic en-

zyme secretion and ovarian cancer cell invasion.
2. Materials and methods

2.1. Reagents

LPA was purchased from Avanti Polar Lipids (Alabaster, AL).

Gefitinib was obtained from Selleck (Houston, TX). Pertussis

Toxin (PTX) and resveratrol were acquired from Sigma

(St. Louis, MO). All other reagents used were of the purest

grade available.

2.2. Cell culture

Ovarian cancer cell SKOV-3 and PA-1 were purchased from

American Type Culture Collection (Manassas, VA). SKOV-3

cells were maintained in RPMI 1640 supplemented with 5% fe-

tal bovine serum and 1% penicillin/streptomycin. PA-1 cells

weremaintained in EMEM supplemented with 5% fetal bovine

serum in a humidified atmosphere containing 5% CO2 at 37 �C.

2.3. siRNA transfection

G12 siRNA-1 and G13 siRNA-1 were obtained from Santa Cruz

Biotechnology Inc. (Santa Cruz, CA). G12 siRNA-2 and G13
siRNA-2 were purchased from Sigma (St. Louis, MO). Negative

control siRNA were obtained from Invitrogen (Carlsbad, CA).

Cells were transfected with siRNA by utilizing Lipofectamine

RNAiMAX (Invitrogen, Carlsbad, CA) according to the manu-

facturer’s instructions.

2.4. RT-PCR quantification

Isolation of total cellular RNA and reaction were performed as

described previously (Park et al., 2011). Complementary

DNA was amplified using an iQ5 Real-Time PCR Detection

System (Bio-Rad Laboratories, Hercules, CA) with the following

primer sets: MMP-9, 50-GTGCCATGTAAATCCCCACT-30 (for-

ward) and 50-CTCCACTCCTCCCTTTCCTC-30 (reverse); uPA, 50-
GTGGCCAAAAGACTCTGAGG-30 (forward) and 50-GCCGTACAT-
GAAGCAGTGTG-30 (reverse); and GAPDH, 50-ACAGTCAGCCG-
CATCTTCTT-30 (forward) and 50-ACGACCAAATCCGTTGACTC-
30 (reverse).

2.5. Immunoblotting & immunoprecipitation

The cell lysates were prepared as described (Lee et al., 2006).

Antibodies for EGFR, G12, G13 and GAPDH were obtained

from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-Rho an-

tibody was from Upstate Biotechnology (Lake Placid, NY).

200 mg of proteins in extraction buffer were incubated with

4 mg/ml anti-EGFR antibody. The immunocomplex was precip-

itated with protein A Sepharose CL-4B beads (Amersham Bio-

sciences, Piscataway) overnight at 4 �C. The beads were

washed with PBS containing Tween 20, resuspended in SDS

buffer, and boiled for 5 min. The protein samples were then

immunoblotted with anti-p-Tyr antibody. The immunoreac-

tive bands were visualized with ECL (Thermo Fisher Scientific

Inc., Rockford, IL) under ImageQuant 300 (GEHealthcare, Buck-

inghamshire, UK).

2.6. In vitro invasion assay

In vitro invasion assays were performed in triplicates using

a 48-well microchemotaxis chamber as described previously

(Jeong et al., 2012). The values obtained were calculated using

the number of invaded cells from three filters.

2.7. Rho activation assay

To assess Rho activation, the amount of RhoA-GTP bound to

the Rhotekin RBD was determined using the Rho Activation

Assay Kit (Millipore, Temecula, CA) according to themanufac-

turer’s instructions as described previously (Jeong et al., 2012).

2.8. Ras activation assay

The analysis of Ras activity was determined using Ras activa-

tion ELISA assay kit (Millipore, Temecula, CA) according to the

manufacturer’s instructions. Briefly, cell lysateswere prepared

withMg2þLysis/Wash buffer and calculated protein concentra-

tionwith BCAprotein assay. Glutathione-coatedwells were in-

cubated with Raf-1-RBD, GST for 1 h at 4 �C. 50 mg of cell lysate

was added to Raf-1-RBD-coated wells and incubated for 1 h at

room temperature (RT) with mild agitation, followed by
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http://dx.doi.org/10.1016/j.molonc.2012.10.001
http://dx.doi.org/10.1016/j.molonc.2012.10.001


M O L E C U L A R O N C O L O G Y 7 ( 2 0 1 3 ) 1 2 1e1 2 9 123
incubation with Ras detection antibody and HRP antibody for

1 h, respectively. After treatingwith 50 ml of the chemilumines-

cent substrate, a luminometer was used to read results.

2.9. Statistics

Data are shown as means � s.d. Differences between two

groups were assessed using the Student’s t-test. Differences

among three or more groups were evaluated by analysis of

variance, followed by Bonferroni multiple comparison tests.
Figure 1 e EGFR is important for proteolytic enzyme expression and ovaria

were pretreated with gefitinib for 1 h and then stimulated with LPA for 24

(Error bars, ± s.d. *p< 0.01 and **p< 0.001 vs control, #p< 0.05 vs EGF

PA-1 (C) and SKOV-3 (D) cells were pretreated with gefitinib for 1 h and in

All experiments were repeated three times.
3. Results

3.1. EGFR is important for ovarian cancer cell invasion

Given that the EGFR is implicated in LPA-induced gastric

cancer cell motility and invasion (Shida et al., 2008) and

that LPA stimulates MMP-9 expression in PA-1 and uPA ex-

pression in SKOV-3 cells (Jeong et al., 2012), we first deter-

mined whether the EGFR governs LPA-induced proteolytic
n cancer invasion. The serum-starved PA-1 (A) and SKOV-3 (B) cells

h. mRNA expression of MMP-9 and uPA by quantitative RT-PCR

treatment only, $p< 0.05 vs LPA treatment only). The serum-starved

vitro invasion was analyzed against LPA (Error bars, ± s.d. *p< 0.01).
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enzyme secretion and invasion of these ovarian cancer

cells. We observed that pretreatment with a selective EGFR

inhibitor gefitinib significantly inhibited LPA-induced MMP-

9 and uPA expression from PA-1 (Figure 1A) and SKOV-3

(Figure 1B) ovarian cancer cells. More importantly, this
Figure 2 e Both Gi and G13 are required for EGFR phosphorylation. (A)

stimulated with EGF or LPA for 5 min. EGFR phosphorylation by immuno

indicated siRNA and then stimulated with or without LPA for 5 min. EG

Densitometric analysis is representative of three independent experiments. T

levels (Error bars, ± s.d. *p < 0.05 vs control, $p < 0.05 vs LPA treatment

G12 expression by immunoblotting (Error bar, ± s.d. **p < 0.01 vs negati
EGFR inhibitor also profoundly reduced LPA-induced ovarian

cancer invasiveness (Figure 1C and D). Therefore, these data

strongly suggest that LPA-induced EGFR activation is impor-

tant for proteolytic enzyme secretion and ovarian cancer cell

progression.
The serum-starved cells were pretreated with PTX for 1 h and then

precipitation and immunoblotting. (B) The cells were transfected with

FR phosphorylation by immunoprecipitation and immunoblotting.

he histograms show the ratio between active and total EGFR protein

only). (C) The cells were transfected with indicated siRNA. G13 and

ve control siRNA only).
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3.2. Gi and G13 are required for EGFR activation

Since LPA binds to GPCRs and various G proteins are impli-

cated in LPA-induced pathophysiological events (Oyesanya

et al., 2010), we next determined which G protein is involved

in LPA-induced EGFR activation. Pretreatment of cells with

a Gi selective inhibitor PTX profoundly inhibited LPA-

induced EGFR phosphorylation (Figure 2A). In contrast, PTX

showed little effect on EGF-induced EGFR-phosphorylation.

Further, PTX did not show any inhibitory effect on LPA-

induced activation of PKCd that is located downstream of Gq

(Sriwai et al., 2008) (Supplementary data S1). Next, we utilized

siRNAs for G12 and G13 to determine which G protein is impli-

cated in LPA-induced EGFR activation. siRNA for each G pro-

tein specifically reduced corresponding G protein expression

without any detectable effect on the other G protein

(Figure 2C and Supplementary data S2B). Transfection of

G13-specific siRNA efficiently attenuated LPA-induced EGFR

phosphorylation (Figure 2B and Supplementary data S2A).

Conversely, silencing G12 did not show any detectable effect

on LPA-induced EGFR activation. Therefore, these data
Figure 3 e EGFR activates Ras and Rho. The serum-starved PA-1 (A) an

stimulated with LPA or EGF for 3 min. Ras activity was analyzed by Ras ac

EGF treatment only, $p < 0.05 vs LPA treatment only). All experiments w

with gefitinib for 1 h and then stimulated with LPA or EGF for 3 min. Rh

analysis is representative of three independent experiments. The histograms

± s.d. *p < 0.01 vs control, #p < 0.05 vs EGF treatment only, $p < 0.05
strongly suggest that both Gi and G13 are required for

LPA-induced EGFR phosphorylation.

3.3. EGFR induces Ras and Rho activation

We have recently shown that the Ras/Rho/ROCK pathway is

implicated in LPA-induced proteolytic enzyme expression

and ovarian cancer invasiveness (Jeong et al., 2012). Therefore

we next questioned whether the EGFR is required for LPA-

induced Ras and Rho activation. Both LPA and EGF induced

Ras (Figure 3A and B) and Rho activation (Figure 3C). However,

pretreatment of the cells with gefitinib profoundly inhibited

LPA- and EGF-induced Ras (Figure 3A and B) and Rho activa-

tion (Figure 3C). Therefore, these data suggest that EGFR acti-

vation governs a LPA-induced Ras/Rho signaling cascade.

3.4. Resveratrol inhibits EGFR phosphorylation and
ovarian cancer invasion

Resveratrol has been shown to interfere with a number of

pathophysiological processes in cancer through inhibition of
d SKOV-3 (B) cells were pretreated with gefitinib for 1 h and then

tivation assay kit (Error bars, ± s.d. *p < 0.01 vs control, #p < 0.05 vs

ere repeated three times. (C) The serum-starved cells were pretreated

o activity was analyzed by Rho GTP pull-down assay. Densitometric

show the ratio between active and total Rho protein levels (Error bars,

vs LPA treatment only).

http://dx.doi.org/10.1016/j.molonc.2012.10.001
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Figure 4 e Resveratrol inhibits LPA-induced EGFR phosphorylation and ovarian cancer cell invasion. (A) The serum-starved cells were

pretreated with resveratrol for 1 h and then stimulated with EGF or LPA for 5 min. Densitometric analysis is representative of three independent

experiments. The histograms show the ratio between active and total EGFR protein levels (Error bars, ± s.d. *p < 0.05 vs control, #p < 0.05 vs

EGF treatment only, $p< 0.05 vs LPA treatment only). The serum-starved PA-1 (B) and SKOV-3 (C) cells were pretreated with indicated agents

for 1 h and then stimulated with EGF and LPA for 24 h. mRNA expression of MMP-9 (B) and uPA (C) by quantitative RT-PCR (Error bars, ±

s.d. *p < 0.01 and **p < 0.001 vs control, #p < 0.05 and ##p < 0.01 vs EGF treatment only, $p < 0.05, $$p < 0.01 and $$$p < 0.001 vs LPA

treatment only). (D) The serum-starved SKOV-3 cells were pretreated with indicated agents for 1 h and in vitro invasion was analyzed against

EGF or LPA (Error bars, ± s.d. *p < 0.01 vs control, #p < 0.05 and ##p < 0.01 vs EGF treatment only, $p < 0.05 and $$p < 0.01 vs LPA

treatment only). All experiments were repeated three times.
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EGFR activation (Yance and Sagar, 2006). This naturally occur-

ring phytoalexin also significantly inhibited LPA-induced

VEGF expression and angiogenesis (Park et al., 2007). There-

fore, we determined whether resveratrol altered LPA- or

EGF-induced EGFR phosphorylation and downstream effects.

Pretreatment of the cells with resveratrol significantly

inhibited EGFR phosphorylation induced by either LPA or

EGF (Figure 4A). In addition, resveratrol reduced LPA- and

EGF-induced MMP-9 expression from PA-1 cells (Figure 4B)

and uPA expression from SKOV-3 cells (Figure 4C). Consis-

tently, resveratrol also significantly inhibited LPA- and EGF-

induced ovarian cancer invasion (Figure 4D). Strikingly, we ob-

served increased inhibition of LPA-induced proteolytic en-

zyme expression (Figure 4B and C) and ovarian cancer

invasion (Figure 4D) when the cells were pretreated with

both resveratrol and gefitinib compared to pretreatment

with single agents. Therefore, these data strongly suggest

that resveratrol reduces ovarian cancer cell invasion through

preventing EGFR phosphorylation and potentiates the inhibi-

tory effect of gefitinib on ovarian cancer cell invasion.
4. Discussion

Recently we have shown that LPA induces ovarian cancer in-

vasion through activation of a Ras/Rho/ROCK signaling and

consequent proteolytic enzyme secretion (Jeong et al., 2012).

In the present study, we elucidate the underlying mechanism

by which LPA activates a Ras/Rho/ROCK signaling: LPA in-

duces EGFR phosphorylation through both Gi and G13. In addi-

tion, we provide evidence that resveratrol has a strong

inhibitory effect on EGFR phosphorylation, leading to suppres-

sion of LPA- and EGF-induced ovarian cancer invasion. These

findings suggest not only a pivotal role of the EGFR on LPA-

induced ovarian cancer invasiveness but support the addition

of resveratrol to EGFR inhibitors for reducing ovarian cancer

progression.

Accumulating data support a critical role of EGFR in LPA-

induced cancer cell progression. The EGFR is implicated in

sphingosine kinase 1 up-regulation to promote gastric cancer

cell invasion (Shida et al., 2008). In addition, LPA-induced EGFR
Figure 5 e Working model for LPA-induced EGFR transactivation inhibi

subsequently induces Ras/Rho/ROCK activation, leading to lineage-specific

and EGF-induced EGFR activation, proteolytic enzyme secretion and ova
activation increases epithelial ovarian cancer invasion

through NF-kB and VEGF expression (Dutta et al., 2011). We

also previously provided evidence that LPA induces ovarian

cancer cellmigration through EGFR activation and subsequent

COX-2 expression (Jeong et al., 2008). In the present study, we

explore another aspect of EGFR-induced ovarian cancer inva-

sion and demonstrate that the EGFR induces proteolytic en-

zyme expression through a Ras/Rho/ROCK signaling cascade.

Although the EGFR is known to induce MMP-9 (Cowden Dahl

et al., 2007) and uPA (Mahabeleshwar et al., 2004; Simon

et al., 1996) expression, this is the first report to our knowledge

demonstrating the ability of EGFR to enhance proteolytic en-

zyme expression and cancer invasion through a Ras/Rho/

ROCK signaling.

LPA has been demonstrated to link to different G proteins

to induce ovarian cancer invasion. The G protein G13 but not

G12 has been implicated in signaling from the LPA receptor

to EGFR and Rho (Gohla et al., 1998). In support of these

results, our present study shows the involvement of G13 in

LPA-induced EGFR phosphorylation and a Ras/Rho/ROCK sig-

naling cascade. Congruently, we found that Gi also implicated

in LPA-induced EGFR phosphorylation and proteolytic enzyme

expression. As we previously reported that Gi protein medi-

ates LPA-induced cell motility through EGFR phosphorylation

and consequent COX-2 expression (Jeong et al., 2008),

Gi protein seems to have diverse downstream effectors for

ovarian cancer progression as a consequence of EGFR activa-

tion: the Rho/ROCK signaling cascade and COX-2. However,

we do not rule out the possibility of that G13 contributes to

COX-2 expression.

Resveratrol has been shown to suppress EGFR-induced

breast cancer cell migration (Azios and Dharmawardhane,

2005). In addition, our previous data show that resveratrol in-

hibits LPA-induced VEGF expression in ovarian cancer

cells (Park et al., 2007). In the present study, we present evi-

dence that this naturally occurring phytoalexin compound at-

tenuates LPA-induced ovarian cancer invasion through

inactivation of EGFR and reduction of proteolytic enzyme ex-

pression. Intriguingly, resveratrol showed greater inhibitory

effect on EGFR phosphorylation induced by LPA than that by

EGF (Figure 4A). Since LPA transactivates EGFR through MMP
ted by resveratrol. LPA activates EGFR through Gi and G13

proteolytic enzyme expression. Resveratrol and gefitinib inhibit LPA-

rian cancer cell progression.

http://dx.doi.org/10.1016/j.molonc.2012.10.001
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and Src (Jeong et al., 2008; Prenzel et al., 1999), it might be pos-

sible that resveratrol has another targets implicated in LPA-

induced EGFR transactivation. In addition, we observed that

combining resveratrol with gefitinib showed more significant

suppression of LPA- or EGF-induced secretion of proteolytic

enzymes and ovarian cancer cell invasion than either com-

pound alone, suggesting that resveratrol potentiates gefitinib

to inhibition of EGFR activation. Therefore, combination of

resveratrol with EGFR inhibitor might improve inhibitory ef-

fects on ovarian cancer cell invasion. In view of our present

data, we present a working model (Figure 5), in which Gi and

G13 are required for LPA-induced EGFR activation and ovarian

cancer progression that is efficiently attenuated by resveratrol

and gefitinib.

Collectively, our results demonstrate that LPA activates

EGFR phosphorylation through both Gi and G13 and that

EGFR phosphorylation is required for LPA-induced proteolytic

enzyme expression and ovarian cancer invasion. We further

show effective suppression of both EGF and LPA-induced

EGFR activation by resveratrol in ovarian cancer cells. There-

fore, Gi and G13 as well as the EGFR may represent useful tar-

gets to reduce invasion and metastasis of ovarian cancer,

potentially improving outcomes for this devastating disease.
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