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 Ovarian cancer is currently the most fatal gynecologic cancer and the fifth leading 

cause of fatal cancer in women overall. As compared to the better-characterized 

malignancies, such as such as prostate, breast and colorectal cancers, there have been no 

major changes in methods of detection or treatment of ovarian cancers since the 1970s.  

As a result, the incidence and age-adjusted death rates for this disease have improved 

only marginally since that time.  The molecular changes required for ovarian cancer 

pathogenesis remain poorly defined.  Lysophosphatidic acid (LPA) has emerged as a 

biomarker present in the ascitic fluid and serum of ovarian cancer patients.  Subsequent 

studies have identified LPA as an agonist for G protein coupled receptors (GPCRs).  LPA 

has been well characterized as a pro-migratory factor in ovarian cancer and other cell 

systems.  However, the role of LPA in mediating a proliferative response in ovarian 

cancer cells has yet to be fully characterized.  In addition, the identity of the G protein 

pathways involved in this proliferative response remains a major unresolved question in 

the field. 
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 To investigate the mitogenic role of LPA in ovarian cancers, a panel of 

representative human ovarian cancer cells was assembled.  A series of immunoblot and 

RT-PCR analyses was used to profile the LPA receptors and Gα-subunits expressed in 

these cells.  In addition to verifying the migratory effect of LPA in these cells, a series of 

proliferation assays were used to investigate the potential role for LPA as a mitogen.  The 

results indicate that stimulation with LPA results in a robust and statistically significant 

proliferative response. This response was quantified using multiple approaches.  In 

addition, the proliferative response was observed in three independent ovarian cancer cell 

lines using concentrations of LPA within the range found in vivo in the ascitic fluid of 

ovarian cancer patients.  Taken together, these data for the first time validate the role of 

LPA as a mitogen in ovarian cancer cells. 

 To gain further insight into the oncogenic signaling response stimulated by LPA, 

activation of the mitogen activated protein kinase (MAPK) modules was determined.  

Using a series of immunoblot analyses and kinase assays, LPA was found to stimulate 

ERK as well as JNK modules.  To investigate the functional roles of these pathways, a 

series of proliferation assays were carried out using inhibitors of ERK and JNK signaling.   

Consistent with the role of ERK as a crucial regulator of growth-factor induced 

proliferation in other cell systems, the results demonstrated a significantly attenuated 

growth response to LPA with ERK inhibition.  Moreover, additional studies 

demonstrated for the first time that inhibition of JNK signaling significantly attenuates 

the proliferative response to LPA.   

 In order to investigate the potential role of Gα12 in mediating the oncogenic 

response to LPA, the activation status of Gα12 was monitored in ovarian cancer cells 
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stimulated with LPA.  These studies demonstrate rapid activation of Gα12 with LPA 

stimulation.  Finally to investigate the functional role of LPA-Gα12 signaling, a series of 

cell lines was established which express a dominant negative form of Gα12.  Expression 

of this construct induced complete inhibition of Gα12 activation by LPA.  These cells 

were then used to determine the effects of Gα12 inhibition on the oncogenic response to 

LPA.  Consistent with the role of G12 family members in mediating cell migration, these 

cells demonstrated an attenuated migratory response to LPA.  In addition, inhibition of 

Gα12 resulted in an attenuated proliferative response to serum.   Finally, to investigate the 

role of Gα12 in mediating the proliferative response to LPA, a series of proliferation 

assays was carried out.  The results indicated a significant > 50% inhibition in multiple 

ovarian cancer cell lines.   

 Taken together, these results, presented here for the first time, establish that LPA 

is a potent mitogen that induces a proliferative response in human ovarian carcinoma 

cells.  Although LPA had previously been shown to induce a proliferative response in 

multiple other cell types, it had not been known if LPA activates specific oncogenic 

pathways.  This thesis tested the hypothesis that LPA, which is crucially involved in the 

pathophysiology of ovarian carcinoma, induces the activation of Gα12.  In this context, 

the data presented here demonstrating a novel role for Gα12 – which has been defined as 

the gep oncogene – in mediating this proliferative response in ovarian carcinoma, 

represents a major finding in the field.  
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CHAPTER 1 

INTRODUCTION 

 

1.1       OVARIAN CARCINOMA 

 Ovarian cancer is currently the most fatal gynecologic cancer and the fifth leading 

cause of fatal cancer in women overall, with 22,430 U.S. patients diagnosed and 15,280 

mortalities in 2007 (Jemal et al., 2007).  Despite the ability to successfully treat 94% of 

localized cases, ovarian cancer carries an overall 5-year survival rate of only 45%.  These 

tumors produce only vague, non-specific symptoms in the early stages of the disease, 

resulting in delayed diagnosis, such that the majority of patients (68%) present with 

metastatic disease (Stage III or IV) at the time of diagnosis (Jemal et al., 2007).  Systemic 

chemotherapy with cisplatin and a taxane following surgical reduction is the most 

effective treatment for patients with metastatic disease.  However, the vast majority of 

patients will eventually relapse, due to the development of resistance to these drugs and 

subsequent disease progression (Moss and Kaye, 2002).  As compared to better-

characterized cancers, such as such as prostate, breast and colorectal cancers, there have 

been no major changes in methods of detection or treatment of ovarian cancers since the 

1970s.  An assay to measure a panel of serum proteins associated with reproductive tract 

diseases has been recently marketed as a diagnostic test, but has yet to be clinically 

validated.  As a result, the incidence and age-adjusted death rates for this disease have 

improved only marginally since that time (Jemal et al., 2007).   

 The vast majority of ovarian tumors (90%) are carcinomas derived from the 

epithelium which surrounds the ovaries (Memarzadeh and Berek, 2001).  This epithelium 
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is continuous with the peritoneal mesothelium, and serves to separate the ovarian 

parenchyma and other pelvic structures from the abdominal organs.  Therefore there are 

no anatomic structures separating this epithelium from the abdominal contents.  This 

unique anatomy allows ovarian neoplasms to metastasize via the distinct mechanism of 

direct peritoneal implantation or “seeding” of the abdominal viscera, resulting in a large 

number of focal micrometastases.  This mechanism is distinct from most other solid 

carcinomas which require invasion through a basement membrane, stroma, and ultimately 

into blood or lymphatic vessels prior to distal spread.  Ovarian tumors are therefore 

highly metastatic, which contributes to the aggressive nature of this disease.  In addition, 

widespread metastases throughout the abdomen and peritoneum result in ascites, or the 

accumulation of inflammatory fluid within the abdomen (Memarzadeh and Berek, 2001).  

This is an important clinical feature of metastatic ovarian cancer, and is often the first 

sign of the disease.   

 Ovarian carcinoma is typically diagnosed in post-menopausal women, with a 

median age of 63 at the time of diagnosis (Ries et al., 2007).  Epidemiologic studies have 

identified a number of risk factors and protective-factors that suggest the importance of 

reproductive and hormonal factors in the development of ovarian cancers.  Women who 

have never been pregnant, or with an early age of menarche, are at an increased risk of 

developing this disease, while women with a history of multiple pregnancies or who have 

taken oral contraception are at a decreased risk (Cannistra, 2004).  Based on these 

findings, it has been hypothesized that the successive rounds of trauma and repair to the 

ovarian epithelium during each ovulation event, and/or the un-interrupted exposure to 

elevated levels of gonadotropins and estradiol may contribute to ovarian neoplasia.   
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 The molecular changes required for ovarian cancer pathogenesis remain poorly 

defined.  Ovarian specimens have been found to harbor somatic mutations in many 

common oncogenes including HER-2/neu, Akt, c-Myc, and K-Ras, and tumor suppressor 

genes including p53, PTEN, and p16 (Aunoble et al., 2000).  In addition, germline 

mutations in BRCA1 or BRCA2, or the mismatch repair genes MSH2 or MLH1, which 

cause familial breast-ovarian cancer syndrome and Lynch II syndrome, respectively, are 

also associated with an increased risk for ovarian cancers, albeit in only 5 – 10% of cases 

(Cannistra, 2004).   However, the relation of these mutations to the pathogenesis of 

ovarian cancer is not fully understood.   

 Interestingly, alterations in signaling pathways involved in cell growth and 

migration are thought to play a major role in these tumors, as the ovarian epithelium is 

required to undergo proliferative and migratory changes after each ovulation event.  

These processes are normally regulated by local and hormonal stimulants such as 

gonadotropins and cytokines (Wong and Leung, 2007).  The observation that factors 

associated with continuous ovulation, such as early age of menarche and nulliparity, are 

associated with increased risk for the development of ovarian cancer, furthers the 

hypothesis that alterations of these normal signaling pathways play a major role in the 

neoplastic transformation of the ovary (Cannistra, 2004).   However, signaling pathways 

that contribute to the development and progression of ovarian cancers have yet to be fully 

elucidated.  Taken together, there is clearly a crucial need to better characterize the 

signaling pathways involved in the progression of these cancers.  Characterization of 

such pathways is likely to contribute to the development of novel targets for the detection 

and treatment of this disease.   
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1.2  GROWTH FACTOR SIGNALING IN NEOPLASIA 

 Neoplastic growth results from accumulated changes to the genome, which shift 

the homeostatic balance from normal growth and differentiation to the malignant 

phenotype (Vogelstein and Kinzler, 2004).  Six essential hallmarks have been identified 

that distinguish malignant cells from normal cells – namely self-sufficiency in growth 

signals, insensitivity to anti-growth signals, evading apoptosis, sustained angiogenesis, 

limitless replicative potential, and tissue invasion and metastasis (Hanahan and 

Weinberg, 2000).  Each of these characteristics represent a deviation from normal cell 

physiology, and therefore require alterations in the signaling pathways which normally 

regulate these processes.  Proliferation of normal cells is a dynamic and multi-step 

process that is governed by coordinated signaling inputs from distinct pro-growth and 

anti-growth factors, cognate receptors, and downstream signal transduction machinery.  

These signaling networks are subjected to sophisticated physiologic regulation at all 

levels, and therefore must be deregulated at multiple levels to result in malignant 

transformation. 

 Growth factors can be defined operationally as extracellular molecules that elicit a 

mitogenic response in a receptor-dependent manner (Gomperts et al., 2002).  These 

molecules are typically peptides, but phospholipid growth factors have also been 

identified (Gomperts et al., 2002).  In order to coordinate targeted cellular responses, 

growth factors are typically released from specific cells in defined physiologic contexts, 

and are expressed transiently in the extracellular milieu.  In vivo, growth factor signaling 

enables communication between cells both locally and systemically.  Endocrine signals 

target cells that are located anatomically or physiologically distal to the originating cells, 
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such as erythropoietin which is released from the kidney and induces proliferation of 

erythrocyte precursor cells in the bone marrow.  Growth factors can also act locally, such 

as the platelet-derived growth factor PDGF, which is released from activated platelets 

and induces proliferation in surrounding fibroblasts to facilitate local wound healing.  

Autocrine signaling represents a unique mechanism in which one cell both releases and 

responds to a growth factor, and is usually a feature of hyperproliferative or neoplastic 

pathologies (Gomperts et al., 2002).   

 The function of transducing inputs from extracellular signals into the cytoplasm is 

accomplished by the diverse class of cell surface receptors.  These molecules can be 

broadly divided into a number of superfamilies based on their structure and mechanism 

of activation and signal transduction (Gomperts et al., 2002).  Receptor-tyrosine kinases 

(RTKs) are expressed as homo- or hetero-dimers, and when activated by binding of their 

cognate ligands to the ectodomain, undergo dimerization and reciprocal trans-

phosphorylation via intrinsic kinase domains, to initiate intracellular signaling via the 

recruitment of specific adaptor molecules (Gomperts et al., 2002).  The intrinsic 

enzymatic activity of these proteins renders them vulnerable to mutational activation via 

point mutations, chromosomal translocation, or increases in copy number, which result in 

constitutively active or overexpressed proteins.  To date, mutations in 27 RTKs have 

been causally implicated in human cancers (Futreal, et al., 2004).   

 G protein-coupled receptors (GPCRs) are the largest family of cell surface 

receptors (Gomperts et al., 2002).  More than 1000 GPCRs have been identified in the 

human genome (Flower et al., 1999).  In contrast to the kinases, seven-transmembrane 

GPCRs do not possess intrinsic enzymatic activity.  The signal transduction mechanism 
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for GPCRs involves interaction with and activation of associated heterotrimeric G protein 

complexes (Dhanaesekaran, 1998).  GPCRs accommodate an amazing diversity of 

cognate ligands and regulate pleiotropic cellular responses including neurotransmission, 

chemoreception, and photoreception. GPCRs have more recently been found to regulate 

cell growth, and thus the role of these pathways in neoplasia has only recently begun to 

be fully recognized. 

 

1.3  GPCRS AND G PROTEINS IN CELL GROWTH AND CANCER   

 GPCRs contain seven structurally conserved membrane-spanning α-helical 

motifs, resulting in a heptahelical or serpentine conformation (Johnson and 

Dhanasekaran, 1989).  The signal transduction mechanism for GPCRs is mediated by 

heterotrimeric G protein complex, consisting of α-, β-, and γ- subunits.  Ligand-induced 

activation of GPCRs, results in physical interaction with and activation of associated 

heterotrimeric G proteins.  This results in exchange of GDP bound to the α subunit for 

GTP and the dissociation of the βγ dimer. The free GTP-bound α-subunit and βγ subunits 

activate distinct downstream effector molecules to regulate intracellular signal 

transduction cascades.  The α-subunit contains a GTPase domain, which allows 

hydrolysis of α-subunit bound-GTP.  This intrinsic GTPase activity results in 

reassociation of the GDP-bound α-subunit with the βγ-subunit, terminating the signal, 

and thus resulting in persistent signal transduction only in the continued presence of the 

cognate ligand (Dhanasekaran, 1998) (Figure 1).    
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Figure 1:   Schematic of G protein activation cycle 

Stimulation of the GPCR by an appropriate ligand leads to the GDP to GTP exchange in 
the α-subunit of the heterotrimeric G protein.  The activated α-subunit and the βγ-subunit 
dissociate from the receptor as well as from each other to regulate  downstream effectors 
molecules.  The intrinsic GTPase activity of the α-subunit hydrolyzes the GTP to GDP.  
The GDP-bound α-subunit then re-associates with the βγ-subunit and the GPCR to 
terminate the signal transduction.  In addition, Regulators of G protein Signaling (RGS) 
proteins accelerate the GTPase activity of the α-subunit thereby facilitating the 
termination of signaling by the α-subunits. 
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 To date, 17 distinct mammalian G protein α subunits (Dhanasekaran and Dermott, 

1996; Strathmann et al., 1989 & 1990), five β-subunits and twelve γ-subunits (Robishaw 

et al., 1989; Iyengar and Birnbaumer, 1990) have been identified.  The G proteins are 

divided into four major families on the basis of amino-acid homology of the α-subunits.   

Members of each G protein family, namely Gs, Gi, Gq, and G12/13, interact with distinct 

downstream effectors (Table 1: GPCRs and G proteins).  Gs, Gi, and Gq family regulate 

traditional second-messenger systems, while G12/13 employ non-canonical mechanisms 

of signal transduction. 

 The Gs family of G proteins positively regulates adenylyl cyclase which results in 

the accumulation of the second-messenger cAMP. The intracellular effects of Gs 

signaling are primarily mediated by cAMP-activated protein kinase A (PKA) (Gilman, 

1987; Hepler and Gilman, 1992).  In contrast, Gi family of G proteins negatively regulate 

adenylyl cyclase which results in decrease in the generation of cAMP and thus negative 

regulation of PKA activity (Johnson and Dhanasekaran, 1989; Tang and Gilman, 1992).  

The Gq family of G proteins interacts with a different enzyme effector to transduce 

signals from their cognate receptors, namely phospholipase-Cβ (PLCβ).  PLCβ 

hydrolyses phosphatidylinositol 4,5-bisphosphate (PIP2) to produce the second-

messengers inositol triphosphate (IP3) and diacylglycerol (DAG), which result in the 

activation of Protein Kinase C (PKC) as well as the release of calcium from intracellular 

stores (Johnson & Dhanasekaran, 1989; Simon et al., 1991).  Members of the G12 family 

of G proteins, Gα12 and Gα13, are unique among G proteins, in that signal transduction  
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Table 1: G proteins: Their receptors and effectors 

Class/ 
Subfamily 

 

Gα-
subunit 

Regulation of  
Cell Growth 

Receptors Effectors 

 
 
 

Gs 

 
Gαs 

 

 

 
Gαolf 

 
+ 

 
β1,2-Adrenergic, Glucagon, 

Dopamine, Serotonin, 
α2-Adenosine, LH, FSH, 

TSH, GnRH, ACTH, 
Odorant receptors 

 
Adenylyl Cyclase 

(inhibition), 
Ion Channels 

 
Adenylyl Cyclase 

 
 

Gαi1 
Gαi2 
Gαi3 

 

 
 

+ 
+ 

 
α2-Adrenergic, Thrombin, 

m2,4-Muscarinic, 
Acetylcholine, 

α1-Adenosine, Vasopressin, 
Somatostatin, Muscarinic 

 
Adenylyl Cyclase 

(stimulation), 
Ion Channels, 

Phospholipase C, 
Phospholipase A2 

 

 
 
 
 
 
 

Gi 
 

Gα0A,B 

Gαt1,2 
Gαg 
Gαz 

 
+ 

 
Opsins, 
Taste, 

Dopaminergic, 
5HT1A 

 

 
Phospholipase C, 

Phosphodiesterase, 
Adenylyl Cyclase 

 
 
 

Gq 

 
Gαq 
Gα11 
Gα14 

Gα15/16 

 
+ 
+ 
+ 
+ 

 
α1-Adrenergic, Chemokine, 

Bradykinin, Thrombin 
m1,3,5-Muscarinic, 

Acetylcholine, Vasopressin, 
Histaminergic 

 

 
Phospholipase-Cβ, 

DAG, Ca2+, 
Protein Kinase C, 

Ion Channels 
 

 
 
 
 

G12 

 
 
 

Gα12 
Gα13 

 
 
 

+ 

 
Thrombin, Thromboxane, 

Neruokinin-1, 5HT2C, 
Endothelin A,B, 

Muscarinic, Ca2+-sensing, 
CCKA, Angiotensin II-AT1, 

Dopaminergic 
 

 
RhoGEFs, 

Small GTPases 
(Ras, Rac, Cdc43, 

Rho), 
Tyrosine Kinases 
(BTK, PYK2, Src, 

PLA2, COX2) 
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from these molecules is primarily mediated by small GTPases rather than the classical 

enzyme-second messenger systems. This unique mechanism of signal transduction from 

G12 occurs through stimulation of  Ras as well as Rho family of small GTPases 

(Dhanasekaran and Dermott, 1996).   

 The role of GPCR-G protein pathways in cell growth was beginning to be 

understood with the observation that many potent mitogens have been found to signal 

through GPCRs, including thyroid stimulating hormone, angiotensin II, acetylcholine 

receptor agonists, and bradykinin (Parmentier et al., 1989).  It was later demonstrated that 

overexpression of specific GPCRs including the 5-HT serotonin receptor, muscarinic 

acetylcholine receptors, and PAR-1 protease-activated receptor, induced ligand-

dependent transformation of NIH3T3 mouse fibroblasts (Julius et al., 1988; Gutkind et 

al., 1991; Henk et al., 2000).  In addition to overexpression of wild-type GPCRs, 

mutational activation of the α1B-adrenoreceptor was shown to transform Rat1A and 

NIH3T3 cells, even in the absence of α-agonists (Allen et al., 1991).  Activating 

mutations in GPCRs have been identified in a limited number of human cancers, 

including thyroid stimulating hormone (TSH) receptor mutations in differentiated thyroid 

carcinomas, follicular stimulating hormone (FSH) receptor mutations in ovarian sex cord 

tumors, and cholecystokinin (CCK) receptor mutations in colorectal cancer (reviewed in 

Marinissen and Gutkind, 2001).  Such mutations, however, appear to occur only 

infrequently.  GPCRs may instead be more commonly activated in human cancers as the 

result of autocrine or paracrine stimulation.   

 Supporting a role for autocrine/paracrine stimulation of GPCRs in neoplasic 

growth, a number of GPCRs and their cognate ligands are aberrantly expressed in human 
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cancers.  For example aberrant expression of the protease-activated PAR-1 receptor has 

been documented in prostate (Chay et al., 2002; Tantivejkul et al., 2005) and breast 

cancers (Even-Ram et al., 1998).  Furthermore, expression of the PAR-1-activating 

proteases MMP-1 and thrombin have been documented in association with these tumors 

(Yoshida et al., 1994; Boire et al., 2005).  The G protein-coupled chemokine receptor 

CXCR4 is also thought to contribute to organ specific metastasis of breast cancers via its 

cognate ligand SDF-1 which is highly expressed in liver and lung tissue (Muller et al., 

2001; Phillips et al., 2003).  A number of additional GPCRs and/or ligands have been 

described in small cell lung cancers including gastrin, neurotensin, vasopressin, 

cholecystokinin, and neuromedin B (Heasley et al., 2001).   

 A detailed characterization of multiple signaling pathways involved in human 

neoplasias has lead to the rational development of novel targeted anticancer compounds 

(Workman, 2004).  It is important to note that GPCRs are well-validated as targets for 

pharmacologic modulation, as the majority of clinically-used drugs for non-malignant 

conditions target GPCRs (Wise et al., 2002).  Therefore, it is interesting to note that of 

the 13 targeted cancer therapeutics (small molecule inhibitors and monoclonal antibodies) 

that have received regulatory approval by the US Food and Drug Administration to date 

(see Table 2), none of these molecules target GPCRs.  Given the emerging autocrine role 

of GPCR systems in human cancers, these pathways may represent an untapped resource 

for the development of novel targeted cancer therapeutics. 
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Table 2: Targeted anticancer pharmacologics 
 

Drug 
 

Target Mechanism Indication 

 
Small Molecule Antagonists 

Gleevec 
(imatinib) 

BCR-Abl, PDGFR-β, 
KIT 

TK Inhibitor CML, GIST 

Iressa 
(gefitinib) 

EGFR TK Inhibitor NSCLC 

Tarceva 
(erlotinib) 

EGFR TK Inhibitor NSCLC 

Nexavar 
(sorafenib) 

Raf, VEGFR, PDGFR-β, 
Flt-3, KIT 

Multikinase 
Inhibitor 

RCC 

Sutent 
(sunitinib) 

PDGFR, VEGFR, KIT, 
Flt3, CSF, RET 

Multikinase 
Inhibitor 

RCC, GIST 

Sprycel 
(dasatinib) 

BCR-Abl (mutants), 
SRC, KIT, PDGFR-β 

Multikinase Resistant 
CML 

Tykerb 
(lapatinib) 

HER2 TK Inhibitor Breast 

Tasigna 
(nilotinib) 

BCR-Abl TK Inhibitor Resistant 
CML 

    
 

Monoclonal Antibodies 
Rituxan 

(rituximab) 
CD20 Cytotoxic NHL 

Herceptin 
(trastuzumab) 

HER2 Blocking Breast 

Campath 
(alemtuzumab) 

CD52 Cytotoxic CLL 

Velcade 
(bortezomib) 

26S proteosome Blocking MM 

Avastin 
(bevacizumab) 

VEGF Neutralizing CRC 

Erbitux 
(cetuximab) 

EGFR Blocking NSCLC 
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1.4  ROLE OF Gα12 SIGNALING IN CELL GROWTH AND CANCER 

 Consistent with the growth-promoting role of GPCRs, the Gα-subunits have been 

shown to possess transforming activity.  In fact, of the 17 α-subunits that have been 

cloned, at least ten have been shown to possess transforming potential (Dhanasekaran et 

al., 1998).  These studies have been carried using engineered mutations in the GTPase 

domain which result in expression of constitutively active GTP-bound α subunits (Miller 

et al., 1988), analogous to naturally occurring mutations in the GTPase domain of the Ras 

oncogene (Reddy et al., 1982).  Such activating mutations of Gα-subunits have been 

identified in a small number of cancers, including: mutation of Gαs, termed the gsp 

oncogene (for Gs protein), found in a subset of pituitary and thyroid tumors (Landis et 

al., 1989; Lyons et al., 1990); and mutationally active Gαi2, termed the gip2 oncogene, 

found in ovarian sex cord stromal tumors and pituitary tumors (Lyons et al., 1990; 

Tordjman et al., 1993). Although ectopic expression of the gsp oncogene induces a 

proliferative response in pituitary and thyroid cells (Ham et al., 1997), it does not result 

in transformation of Swiss3T3 cells (Zachary et al., 1990).   In contrast, activating 

mutation of Gαi2, has been shown to transform Rat1, but not NIH3T3 cells (Pace et al., 

1991).  Similarly, GTPase-deficient Gαq at lower levels has been shown to transform 

NIH3T3 cells (Kalinec et al., 1992). 

 The G12 proteins, Gα12 and Gα13, are particularly potent in inducing cell 

transformation.  Gα12 was identified as a transforming gene from a pooled cDNA library 

of an Ewings sarcoma cell line (Chan et al., 1993).  Based on these studies, the α 

subunits from the G12 family have been termed the ‘gep’ oncogene for G protein of 

Ewings sarcoma expression library (Xu et al., 1994).  The transforming potential of the 
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activated mutants of Gα12 as well Gα13 has been characterized by several laboratories 

(Xu et al., 1993; Jiang et al., 1993; Voyno-Yasenetskaya et al., 1994; Vara Prasad et al., 

1994).  The activating mutations from these G proteins are the most potent in inducing 

transformation of all the α-subunits which have been tested.  In fact, the transforming 

activity of mutationally activated Gα12 is comparable to that of activated H-Ras (Vara 

Prasad et al., 1994).  An important distinction is that expression of  even wild-type Gα12 

is sufficient to transform NIH3T3 cells, as compared to the other transforming α-subunits 

which required mutational activation to induce transformation (Chan et al., 1993).  It is 

important to note here that the transforming potential of wild-type Gα12 requires the 

presence of serum, as serum-deprivation inhibited the transforming response (Chan et al., 

1993).  The serum-dependence of Gα12 is bypassed by the GTPase-deficient mutant of 

Gα12 (Xu et al., 1993).  Taken together these results demonstrate the potent transforming 

potential of Gα12, and suggest that growth-promoting pathways induced by Gα12 are 

regulated by factors present in the serum (Dhanasekaran et al., 1998).   

 Studies to characterize the growth-promoting signaling pathways regulated by 

Gα12 have revealed a complex signaling network.  In contrast to the other G proteins, 

mitogenic signaling from Gα12 does not involve the traditional second-messengers 

cAMP, calcium, or IP3 (Chan et al., 1993; Xu et al., 1993; Jiang et al., 1993; Voyno-

Yasenetskaya et al. 1994; Vara Prasad et al., 1994; Nagao et al., 1999).  Instead, 

activation of a number of growth-promoting pathways by Gα12 has been shown to 

involve the small GTPases Ras, Rac, RhoA, and CDC42 (Vara Prasad, et al., 1994; 

Prasad et al., 1995; Collins et al., 1996; Hooley et al., 1996; ).  Gα12 has been shown to 

regulate a number of growth-promoting signaling pathways including phospholipase A2 



16 

(Xu et al., 1993), PLC, and the Na+/H+ exchanger, JNK (Dhanasekaran et al., 1994; 

Prasad et al., 1995; Hooley et al., 1996).  Recent work by our lab has also identified 

transactivation of the receptor tyrosine kinase PDGFRα as a novel pathway in Gα12-

induced transformation (Kumar et al., 2006).  The emerging view is that multiple 

signaling pathways regulated by Gα12 contribute to the transforming potential of this G 

protein. 

 The mitogen activated protein kinase (MAPK) modules are thought to be 

particularly important in regulation of cell proliferation by G proteins and specifically by 

Gα12 (Goldsmith and Dhanasekaran, 2007).  Mutationally-active Gα12 has been shown to 

strongly stimulate the JNK signaling module in a variety of cells (Prasad et al., 1995; 

Collins et al., 1996; Nagao et al., 1999).  Furthermore, ectopic expression of dominant-

negative JNK was shown to abrogate Gα12-induced proliferation in NIH3T3 cells (Mitsui 

et al., 1997).  Although JNK signaling is traditionally associated with stress response, 

growth arrest and apoptosis, this data suggests a particular role for Gα12-JNK signaling in 

cell proliferation (Radhika and Dhanasekaran, 2001).  The small GTPases Rac, Ras, Rho, 

and CDC42 have been shown to regulate JNK activity by Gα12 in a context specific 

manner (Goldsmith and Dhanasekaran, 2007).  Gα12 has also been shown to stimulate 

JNK via its upstream MAPK kinase MKK7 (Dermott et al., 2004).  The ERK1/2 module 

is strongly linked to proliferation and neoplastic transformation.  In addition to  Ras/Rac-

mediated JNK signaling, it has been shown that the activation of ERK by Ras is required 

for Gα12-induced proliferation (Mitsui et al., 1997).  Gα12 has also been shown to inhibit 

p38 MAPK activity by inhibiting MKK3/4/6 (Dermott et al., 2004).  Taken together, 
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these date illustrate importance of the MAPKs on integrating Gα12 signaling and 

proliferation. 

 Despite multiple lines of evidence implicating a role for G12 signaling in 

neoplastic transformation, a direct link between Gα12 and human cancer has yet to be 

fully established in vivo.  For example, despite the potent transforming potential of the 

GTPase-deficient mutant of Gα12, no such activating mutations have been identified in 

human tumor samples.  Alternatively, it is possible that endogenous Gα12 may be 

activated by soluble growth factors via G12-coupled GPCRs expressed in cancer cells.  

This concept is supported by the fact that expression of wild-type Gα12 results in cell 

transformation in a serum-dependent manner (Chan et al., 1993).  The identity of the 

ligand(s) present in serum which activate mitogenic G12 signaling has remained 

unknown for a number of years.  Recent work by our lab, however, has demonstrated that 

lysophosphatidic acid (LPA), a phospholipid present in serum and recently linked to 

human cancers, activates Gα12 in NIH3T3 cells (Radhika et al., 2005).   

  

1.5  LYSOPHOSPHATIDIC ACID: AN AUTOCRINE FACTOR IN  

  OVARIAN CARCINOMA 

 A novel growth factor linked to ovarian cancer emerged from an elegant 

demonstration that samples of ascitic fluid collected from ovarian cancer patients contain 

an “ovarian cancer activating factor” (Mills et al., 1988).  These studies recognized that 

the ascitic fluid of patients with ovarian cancer is contiguous with the in vivo tumor 

microenvironment, and may contain unique factors that contribute to the growth and 

progression of the tumors.  Following this hypothesis, Mills et al demonstrated that 
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ascitic samples collected from ovarian cancer patients and from mice with ovarian cancer 

xenografts, but not from control patients, stimulated the proliferation of the ovarian 

cancer cell line HEY (Mills et al., 1988).  Following an extensive characterization using 

mass spectral and gas chromatographic analyses, this “ovarian cancer activating factor” 

was ultimately identified as lysophosphatidic acid, or LPA, (Xu et al., 1995).   

 LPA, or 1-oleoyl-2-sn-glycero-3-phosphate, is a structurally simple 

glycerophospholipid, that contains a single fatty acyl chain (Figure 2).  Studies in 

fibroblast cell lines identified LPA as a GPCR agonist (Moolenaar, 1994).  In vivo, LPA 

has been shown to play a crucial role in physiologic wound healing (Moolenaar et al., 

1997; Fischer 1998; Goetzl et al., 1998; Mills and Moolenaar, 2003).  Platelets are the 

primary source of LPA under normal conditions in vivo.  LPA is generated from platelets 

during activation at sites of tissue injury by factors such as thrombin (Moolenaar, 1994).  

LPA, thus generated, serves as a crucial bioactive factor to promote wound healing, by 

stimulating smooth muscle contraction, proliferation of fibroblasts and smooth muscle 

cells, and endothelial cell migration.  In addition to these cellular responses, platelets also 

express receptors for LPA and undergo aggregation and activation in response to LPA 

(Moolenaar, 1994), thus indicating the role of LPA as an autocrine factor in platelet 

activation and wound healing.  

 Subsequent to its identification in ovarian cancer ascites, further studies have 

characterized an autocrine role of LPA in ovarian cancer. LPA is auto-produced by 

multiple ovarian cancer cell lines compared to cells derived from normal ovarian surface 

epithelium or breast cancer controls (Eder et al., 2000).  LPA is produced enzymatically 

from membrane-associated phosphatidic acid substrates via specific phospholipases.  
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Figure 2:  Lysophosphatidic Acid 

 
1-oleoyl-2-sn-glycero-3-phosphate (lysophosphatidic acid; LPA) consists of a glycerol 
backbone, a single fatty acid chain, and a phosphate group.  The free phosphate and 
hydroxy moiety impart higher water solubility than other long chain phospholipids.  The 
oleoyl fatty acid is the most predominant form found in serum, and the most bioactive 
species.  LPA can be produced by hydrolysis of membrane-associated phosphatidic acid 
by phospholipases, or by hydrolysis of lysophosphatidylcholine by lysophospholipases.   
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Inhibitors of phospholipase A2 and D have been shown to abrogate the synthesis of LPA 

by ovarian cancer cells (Eder et al., 2000).  In addition, an integral-membrane 

ectoenzyme autotaxin (ATX) possesses lysophospholipase D (lysoPLD) activity, and has 

been shown to catalyze the formation of LPA from lysophosphatidylcholine (LPC) 

(Umezu-Goto et al., 2002). In addition to the ovarian cancer cells themselves, the 

elevated levels of LPA found in the ascitic fluid is also thought to be produced from 

peritoneal mesothelial cells (Ren et al., 2006).  LPA bioactivity is also negatively 

regulated at the level of the ligand by the enzyme lipid phosphate phosphatase-1 (LPP-1), 

a transcellular ectoenzyme which acts in the extracellular milieu of ovarian cancer cells 

by hydrolyzing the sn-3 phosphate of LPA (Imai et al., 2000).  Decreased expression and 

activity of LPP-1 has been documented in primary ovarian tumors and cell lines (Tanyi et 

al., 2003a), and ectopic overexpression of LPP decreases colony formation and 

tumorigenecity of ovarian cancer cell lines (Tanyi et al., 2003b).  Thus LPA levels in vivo 

are dynamically regulated by both positive and negative factors associated with multiple 

cell systems, and the accumulation in ovarian cancer ascites is thought to result directly 

from the neoplastic cells as well as inflammatory changes within the peritoneum. Indeed, 

LPA levels have been documented in ascitic samples of ovarian cancer patients at 

concentrations up to 60 µM (Xiao et al., 2001). 

 In addition to its role in the tumor microenvironment, LPA has shown strong 

potential as a clinical biomarker for ovarian cancers. LPA is known to circulate at low 

baseline levels in the serum, mostly as a result of release from activated platelets during 

physiologic wound healing processes (Moolenaar, 1994).  However, it has also been 

shown to be present in elevated concentrations in the serum of ovarian carcinoma patients 
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(Xu et al., 1998).  The phospholipid is carried in the serum bound to albumin (Tigyi  and 

Miledi, 1992), presumably after diffusing into the circulation from the ascites.  To date, 

LPA has shown early potential as an ovarian cancer biomarker.  However, the levels 

observed in vivo appear to vary with the methods used for quantification (Xu et al., 1998; 

Baker et al., 2001; Sutphen et al., 2004).  Thus, the clinical utility and positive predictive 

value of serum LPA measurements for the detection or screening for ovarian tumors have 

yet to be validated in trials with larger prospective studies. 

 In vitro, the effects of LPA on migration and invasion of ovarian cancer cells has 

been well characterized.  The pro-migratory effects of LPA were first demonstrated in 

fibroblast cell lines, where LPA was shown to induce focal adhesion assembly and stress 

fiber formation (Moolenaar, 1994).  Subsequent work demonstrated that LPA is a potent 

stimulant of migration in ovarian cancer cell lines (Sawada et al., 2002), as well as 

invasive migration in three-dimensional collagen gels (Fishman et al., 2001).  A number 

of responsive genes have been shown to contribute to contribute to LPA-induced 

migration including urokinase plasminogen activator (uPa), matrix metalloproteinase 

(MMP-2) (Fishman et al., 2001), and interleukin-8 (So et al., 2004). 

 The effects of LPA on proliferation of ovarian cancer cells have been less well 

characterized.  After its initial identification in the ascites of ovarian cancer patients, 

synthetic LPA was shown to induce a dose-dependent increase in cell proliferation in 

human ovarian cancer cell lines (Xu et al., 1995).  In addition, LPA induced a more 

potent increase in colony number of an ovarian cancer cell line than even epidermal 

growth factor, (Xu et al., 1995) indicating the potency of this molecule in ovarian cancer 

growth.  However, despite these early studies demonstrating the potent mitogenic effect 
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of LPA in ovarian cancer cells, and given the link between LPA and LPARs and ovarian 

cancers, further studies to characterize the proliferative response to LPA are crucially 

lacking.  Specifically, identifying the G protein pathways involved in this proliferative 

response remains a major unresolved question in the field.   

 In addition, LPA and its receptors have recently been shown to play a role in 

prostate (Raj et al., 2004; Sivashanmugam et al., 2004; Tanaka et al., 2004), colorectal 

(Shida et al., 2004), gastric (Shida et al., 2004b), pancreatic cancer (Yamada et al., 

2004), and breast cancer (Kitayama et al., 2004), suggesting that an understanding of the 

LPA-LPAR system in ovarian cancer may have implications for neoplasms which arise 

from multiple sites. 

 

1.6  G-PROTEIN SIGNALING PATHWAYS REGULATED BY LPA 

 The cellular effects of LPA are mediated by a family of seven-transmembrane G-

protein coupled LPA receptors (LPARs). LPA1, the first human LPAR to be cloned for 

LPA, was shown to function as a receptor for LPA using a serum response element 

luciferase reporter construct (An et al., 1997).  Northern blot analysis revealed ubiquitous 

expression in normal human tissue samples, including in the ovary, with highest 

expression in the central nervous system (An et al., 1997).  Two related molecules, LPA2 

and LPA3, were later cloned and shown also to be responsive to LPA (An et al., 1998; 

Bandoh et al., 1999).  LPA1, LPA2, and LPA3, are highly homologous, sharing 50% 

amino acid identity, and are members of the previously orphaned Edg- family of 

receptors (Bandoh et al., 1999).  A number of orphan GPCRs have since been shown to 

interact with LPA, including p2y9/GPR23/LPA4 (Noguchi et al., 2003), GPR92/LPA5 
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(Lee et al., 2006), GPR87/LPA6 (Tabata et al., 2007), P2Y10 (Murakami et al., 2008).  

These molecules are structurally distinct from LPA1-3, but share approximately 35% 

amino acid identity with each other (Lee et al., 2006).  LPA was shown to bind and 

functionally stimulate these receptors when ectopically expressed in model cell systems, 

however the endogenous expression status or functional roles of these newly identified 

receptors in the ovary have yet to be established.   

 Similar to other GPCRs, there is some evidence that the LPARs LPA1-3 are 

aberrantly expressed in ovarian cancer.  LPA1 is known to be ubiquitously expressed in 

normal human tissues including the ovary (Goetzl et al., 1999).  It is also expressed in 

cell lines derived from both normal ovarian tissue as well as tumor-derived cells 

(Pustilnik et al., 1999;  Hu et al., 2001;  Fang et al., 2004).  In contrast, some studies 

have reported absent or low expression of LPA2 and LPA3 in normal ovarian tissue, but 

high expression in ovarian tumor samples and ovarian cancer cell lines (An et al., 1998; 

Bandoh et al., 1999;  Goetzl et al., 1999;  Pustilnik et al., 1999;  Hu et al., 2001;  Hu et 

al., 2003).  In addition to differential expression, some evidence suggests that the LPAR 

isoforms may subserve distinct growth-regulatory functions.  For example, stable 

overexpression of LPA1 in the ovarian cancer cell line A2780 induces apoptosis and 

anoikis  (Furui et al., 1999), suggesting that this LPAR can serve as a negative regulator 

of ovarian cancer cell growth.  In contrast, stimulation with LPA of an ovarian cancer cell 

line which expresses LPA2 but not LPA1, resulted in a proliferative response (Goetzl et 

al., 1999).  Based on these studies, some authors have suggested a specific role of LPA2 

in the growth-promoting effect of LPA (Goetzl et al., 1999).  Although characterizing the 

effects of specific LPAR subtypes in ovarian cancer is important for the drug 
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development, this hypothesis has yet to be verified experimentally and is a crucial 

question in the field.   

 The functional roles of the LPARs have been further elucidated with the 

generation of LPAR knockouts for LPA1 and LPA2.  Knockout of LPA1 results in 

approximately 50% neonatal lethality (Contos et al., 2000). Given the ubiquitous 

expression of LPA1, it is not surprising that knockout results in approximately 50% 

neonatal lethality (Contos et al., 2000).  This phenotype was primarily attributable to 

defective suckling secondary to abnormal craniofacial development and deficient 

olfaction.  Cells isolated from the sciatic nerve in lpa1
(-/-) mice also demonstrate increased 

apoptosis (Contos et al., 2000).  Furthermore, lpa1
(-/-) KO mice demonstrate behavioral 

changes and deficits of the serotonin neurotransmitter system (Harrison et al., 2003).  

These studies clearly indicate that LPA1 plays a crucial role in normal development, 

especially in cell growth and migration. In stark contract, LPA2 null mice grow to 

adulthood at the expected frequency, and exhibit no behavioral, gross anatomic or 

histologic abnormalities (Contos et al., 2002).  The rates of fertility and development or 

resistance to carcinogenesis in the lpa1
(-/-) and lpa2

(-/-)  mice was not reported.  To date, 

the generation of LPA3 KO mice have yet to be reported in the literature, but would serve 

as useful tools in determining LPA3-specific signaling events. 

  Like all GPCRs, the signal transduction events initiated by activated LPARs 

occurs primarily through heterotrimeric G proteins.  Extensive characterization in 

fibroblast cell lines have demonstrated that LPA activates Gi, Gq, as well as G12/13 

signaling pathways (Moolenaar, 1994;  Fischer et al., 1998;  Goetzl et al., 1999;  Mills 

and Moolenaar, 2003;  Anliker and Chun, 2004).  Specifically, LPA has been shown to 
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activate of PLC and intracellular calcium release, indicating activation of Gq by LPA 

(Jalink et al., 1990).  In addition, activation of the pertussis toxin-sensitive Gi pathway by 

LPA has been studied by many groups (reviewed in Kranenburg and Moolenaar, 2001).  

G12/13 signaling was presumed to be activated by LPA based on activation of Rho and 

stress fiber formation by LPA (Moolenaar, 1994).  Recent work by our lab has 

demonstrated for the first time directly that LPA induces the biochemical activation of 

Gα12 in NIH3T3 cells (Radhika et al., 2005).   

 In ovarian cancer cells, each of these three G protein pathways have been 

differentially implicated in signaling by LPA.  Activation of the pertussis toxin (PTX)-

sensitive Gi has been well characterized in ovarian cancer cells.  PTX has been shown to 

inhibit LPA-induced chemotaxis in multiple ovarian cancer cell lines (Bian et al., 2004). 

In addition, treatment with forskolin, which activates adenylyl cyclase and thus opposes 

Gi stimulation, has been shown to partially attenuate LPA-induced proliferation of 

OVCAR-3 cells (Nguyen et al., 2004), suggesting that the growth-promoting effects of 

LPA in ovarian cancer cells are mediated, in part, by Gi signaling.  Furthermore, LPA-

induced production of the cytokines IL-6, IL-8, and TNF-α has been shown to be 

abrogated by PTX (Sugiyama et al., 2004), indicating the requirement of Gi signaling for 

elaboration of these pro-inflammatory and pro-growth factors.  Studies from KO mice 

have revealed that LPA1, but not LPA2, couples to activation of Gi (Contos et al., 2002). 

LPA has also been shown to activate  Gq-dependent signaling pathways.  Gq signaling has 

also been shown to be required for LPA-induced proliferation and migration of vascular 

smooth muscle cells (Kim et al., 2006).  Consistent with the role of Gq in LPA-mediated 

signaling pathways, LPA and purified ascitic fluid have been shown to increase 
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intracellular calcium in ovarian cancer cells in a PTX-insensitive manner (Mills et al., 

1988;  Xu et al., 1995).  However, functional roles for these pathways have yet to be 

established.  It is important to note here that given the relatively weak mitogenic activity 

of Gi, it is likely that additional G proteins are involved in proliferative signaling by LPA. 

 The G12 axis is frequently implicated in LPA signaling. The G12 family of proteins 

provides a strong proliferative signal and is intimately associated with cytoskeletal 

modulation via its downstream small GTPase Rho (Dhanasekaran and Radhika, 2001).  

Studies from KO mice demonstrate that LPA stimulation induces stress fiber formation in 

lpa1
(-/-) as well as lpa2

(-/-) cells, at levels equal to WT mice (Contos et al., 2002).  

However, the double KO lpa1(-/-) lpa2(-/-) exhibits significantly reduced stress fiber 

formation in response to LPA, suggesting that both LPA1 and LPA2 can couple to G12.  

A role for LPAR coupling to G12 in ovarian cancers was first suggested by the 

observations that LPA regulates cytoskeletal modulation as well as Rho activation in 

ovarian cancer cells (Mills and Moolenaar, 2003).  Interestingly, G12 signaling has been 

shown to be required for LPA-induced cytoskeletal reorganization in neurite cells 

(Kranenburg et al., 1999), and interference with G12 signaling has been shown to 

abrogate LPA-induced migration of ovarian cancer cell lines (Bian et al., 2006).  In 

addition to this role in migration, recent work from our laboratory has directly 

demonstrated that mitogenic signaling in NIH3T3 fibroblasts is mediated by Gα12 

(Radhika et al., 2005).  Despite the strong transforming potential of G12, the role of this 

signaling axis in the proliferative response of ovarian cancer cells to LPA has yet to be 

determined. 
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1.7  SUMMARY AND HYPOTHESES: 

 As described above, LPA has emerged as a novel factor in the pathophysiology of 

ovarian cancer.  LPA is well characterized as a GPCR ligand in other cell systems, 

however multiple questions about the role of the LPA-LPAR signaling system in ovarian 

cancers remain to be solved.  A mechanistic understanding of LPA signaling will provide 

crucial information for translation to the clinical management of ovarian carcinoma, as: 

(1) the LPA ligand holds great potential as a biomarker for detection/screening, (2) 

pharmacologic modulators of the LPA receptors may serve to suppress or prevent the 

development of ovarian tumors, and (3) the LPA system can be capitalized upon with in 

vitro studies to uncover oncogenic signaling networks involved in ovarian carcinoma at 

large. 

 Although LPA has been characterized as a potent mitogen in fibroblast cell lines, 

the proliferative response of ovarian cancer cells to LPA has yet to be fully characterized.  

Specifically, the identity of the G protein involved in the proliferative response to LPA 

has yet to be identified.  Given the potent transforming potential of G12, and the role of 

G12 signaling in LPA-induced proliferation of fibroblast cell lines, it has been 

hypothesized here that G12 signaling represents a major axis in the proliferative response 

to LPA.  The aim of this thesis is to test this hypothesis and to define the role of G12 

signaling in the oncogenic pathways activated by LPA in ovarian cancer cells. 

 

 



28 

 

 

 

 

 

 

 

CHAPTER 2 

MATERIALS AND METHODS



29 

CHAPTER 2 

MATERIALS AND METHODS 

 

2.1  CELL LINES 

 The ovarian cancer cell lines SKOV3, HEY, OVCAR-3, and 2008 that were used 

in this study were derived from specimens isolated from patients with metastatic ovarian 

adenocarcinoma (Fogh et al., 1977; Hamilton et al., 1983; Buick et al., 1985; Gebauer et 

al., 2000).  The SKOV3, HEY, and OVCAR-3 cells were kindly provided by Steve 

Cosenza and Dr. E. Premkumar Reddy (Fels Institute, Temple University).  The 2008 

cells were kindly provided by Dr. Scott Shore (Fels Institute, Temple University).  In 

addition, two cell lines derived from normal, non-cancerous, ovarian tissue specimens, 

namely HOSE and IOSE, were used as control cell lines.  The HOSE cells were 

immortalized with HPV E6/E7 (Jin et al., 2004), and were a kind gift from Dr. George 

Tsao (University of Hong Kong).  The IOSE cells were immortalized with SV40 large T 

antigen (Maines-Bandiera et al., 2004), and were a kind gift from Dr. Nelly Auersperg 

(University of British Columbia).  Cos-7 cells were used for transfection experiments, 

and were a kind gift of Dr. E. Premkumar Reddy (Fels Institute, Temple University).  All 

of these cell lines were maintained in Dulbecco's modified Eagle's medium (Cellgro, NJ) 

(DMEM) containing 10% fetal bovine serum (Gemini Bio-Products, West Sacramento, 

CA), 50 units/mL penicillin, and 50 µg/mL streptomycin at 37° C in a 5 % CO2 

incubator.  
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2.2   LPA STIMULATION 

 Lysophosphatidic acid (1-oleoyl-2-hydroxy-sn-glycero-3-phosphate) was 

obtained in powder form (# 857130; Avanti Polar Lipids, Alabaster, AL).  It was 

dissolved to 20 mM stock solutions in sterile water, and stored at  –20° C.   For each 

experiment, equal number of cells were seeded into the appropriate culture vessel 

containing DMEM with 10% fetal bovine serum, and allowed to adhere overnight.  Cells 

were then washed twice with PBS, and incubated for 24 hours in serum-free DMEM 

supplemented with 10 mM HEPES (Fisher Scientific, Pittsburgh, PA), at pH 7.4 and 

0.2% bovine serum albumin (Gemini Bio-Products, West Sacramento, CA).  To stimulate 

the cells, aliquots of the LPA stock solutions were thawed, sonicated, and dissolved to 

working concentrations in the serum-free media for each experiment.   

 

2.3  RT-PCR ANALYSES 

 Total RNA from cells grown to approximately 80% confluence was isolated using 

Trizol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s protocol.  RT-

PCR reaction was carried out with the ThermoScript System (Invitrogen, Carlsbad, CA) 

using a 5 µg aliquot of total RNA for cDNA synthesis.  2 µL of cDNA solution was 

subjected to PCR amplification using Taq PCR Master Mix Kit (Qiagen, Valencia, CA).  

The following primers were used for the PCR reactions for expression of LPARs (Goetzl 

et al 1999, Sawada et al 2002):  

 LPA1 specific forward (5’-GCTCCACACACGGATGAGCAACC-3’), and  

 reverse (5’- GTGGTCATTGCTGTGAACTCCAGC-3’);  

 LPA2 specific forward (5’- AGCTGCACAGCCGCCTGCCCCGT-3’), and  
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 reverse (5’- TGCTGTGCCATGCCAGACCTTGTC-3’);  

 LPA3 specific forward (5’- TTAGCTGCTGCCGATTTCTT-3’), and  

 reverse (5’-ATGATGAGGAAGGCCATGAG-3’).   

The PCR reaction conditions were carried out with 30 cycles at 94° C (3 minutes and 30 

seconds), 55° C (2 minutes), 72° C (11 minutes).  The GAPDH (Glyceraldehyde-3-

Phosphate Dehydrogenase) specific forward (5’-GTGAAGGTCGGTTGTGAACGG-3’) 

and reverse (5’-GATGCAGGGATGATGTTCTG-3’) primers were used as a loading 

control.  GAPDH was amplified with 33 cycles at 94° C (30 seconds), 58° C (1 minute), 

72° C (1 minute).  The amplification products were analyzed by 1 % agarose gel 

electrophoresis. 

 

2.4  CELL LYSIS AND LYSIS BUFFERS 

 The cell lysates for immunoblot and kinase assays were extracted as follows. 

Cells were washed 3 times on ice with cold PBS (pH 7.0) and then lysed with either JNK 

lysis buffer [25 mM HEPES (pH 7.6), 20 mM β-glycerophosphate, 0.1 % Triton X-100, 

300 mM NaCl, 1.5 mM MgCl2, 100 µM PMSF, 100 µM Na3VO4, 0.2 mM EDTA, 0.5 

mM DTT, 2 µg/mL leupeptin, 4 µg/mL aprotinin, 1 mM Benzamide] or RIPA buffer 

[PBS (pH 7.4), 1 % Nonidet P-40, 0.5 % sodium deoxycholate, 0.1 % sodium dodecyl 

sulfate, 2 mM EDTA, 50 mM sodium fluoride, 1 mM PMSF, 2 mM benzamide, 0.2 mM 

sodium vanadate, 2 µg/mL leupeptin, 4 µg/mL aprotinin, and 0.1% β-mercaptoethanol] 

depending on the requirements of the experiment. The cells were incubated in lysis buffer 

for 20 minutes on ice.  Following clarification of the lysate by centrifugation at 15,000 g 

for 20 minutes, the supernatant was removed and protein quantification was carried out 



32 

using the Bradford method (Bradford, 1976) using commercially available reagent 

(BioRad, Hercules, CA). 

 

2.5  IMMUNOBLOT ANALYSES 

2.5.1  Separation of Protein by SDS-PAGE 

 Proteins from lysates were separated on 10%, 12%, or 15% SDS-PAGE to 

optimize resolution at the expected molecular weight of each protein-of-interest. The gels 

were constructed using BioRad Mini-Protean System III (BioRad, Hercules CA). The gel 

contained high concentration (750 mM) of Tris-HCL (pH 8.8), which increases the 

resolution of the gel (Fling and Gregerson, 1986). The gels were run at 70 Volts in SDS-

PAGE running buffer [50mM Tris, 380 mM glycine, 0.1 % SDS].  A pre-stained 

molecular weight standard (BioRad, Hercules CA) was included in every gel. 

 

2.5.2  Transfer of Proteins to PVDF Membrane 

 Following SDS-PAGE, the gels were soaked in transfer buffer [10 mM CAPS 

(pH 11.0), 20 % methanol] for 10 minutes (Matsudiara, 1987). Immobilon-P PVDF 

membrane (Millipore, Bedford MA) was presoaked in 100 % methanol for 10 seconds 

followed by soaking in transfer buffer for 10 minutes. The PVDF was placed against the 

polyacrylamide gel and 3M Whatman paper was stacked on both sides according to 

established procedures (Sambrook et al., 2001). The separated proteins were transferred 

to the membrane using Trans-Blot appaparatus (BioRad, Hercules CA) at 70 Volts for 45 

minutes.  In order to verify transfer across the entire surface of the gel, the membrane was 

stained temporarily with Ponceau S solution [0.5 % Ponceau S in 1 % acetic acid] and 
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then washed in 100% methanol (Sambrook et al., 2001).  Western blots were stripped of 

antibodies by treatment with 0.2 M glycine (pH 2.5) containing 0.05 % Tween-20 for 2 

hours at 80º C. 

 

2.5.3  Antibodies 

 The following antibodies were used for immunoblot analyses.  For LPAR 

analyses, LPA1 (#AP6138a), LPA2 (#AP6140a), and LPA3 (#AP6143a) antibodies were 

obtained from Abgent (San Diego, CA).  GAPDH antibody (#4300) was purchased from 

Ambion (Austin, TX).  For Gα-subunit analyses, Gα12 (sc-409), Gαs (sc-823), Gαi (sc-

1521), and Gαq (sc-393) antibodies were purchased from Santa Cruz Biotechnology 

(Santa Cruz, CA).  Gα13 antibody (AS1-89-2) was raised in rabbit against the C-terminus 

of Gα13 (Radhika et al 2004).  For MAPK analyses, ERK-2 (sc-154), JNK-1 (sc-474), 

and p38 MAPK (sc-535) antibodies were purchased from Santa Cruz Biotechnology.  

Phospho-specific P-ERK (Thr202/Tyr204, #4370), P-JNK (Thr183/Tyr185, #9251S), and 

P-p38 MAPK (Thr180/Tyr182, #9216) were purchased from Cell Signaling Technology 

(Danvers, MA).  For screening of the HA-tagged CT-12 and CT-13 stable cell lines, HA 

(sc-805) antibody was purchased from Santa Cruz Biotechnology.  Peroxidase-

conjugated anti-rabbit IgG (W401B) and anti-mouse IgG (NA93IV) were purchased from 

Promega (Madison, WI) and GE Healthcare (Buckinghamshire, UK), respectively. 

 

2.5.4  Immunoblot Analysis 

 After protein transfer, PVDF membranes were blocked by treatment of the 

membrane with a solution consisting of 5 % dry milk and 1 % blot-qualified BSA 
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(Roche, Indianapolis, IN)  in TBS-T [20 mM Tris-Cl (pH 7.4), 150 mM NaCl, 0.1 % 

Tween-20] buffer for 1 hour at room temperature.  After a brief rinse with TBS-T buffer, 

western blots were incubated with primary antibody, diluted in 5 % milk in TBS-T, for 

either 1 hour at room temperature or overnight at 4º C.  The blots were then washed three 

times with TBS-T buffer following which they were incubated with the peroxidase-

conjugated secondary antibody diluted in 5 % milk with TBS-T buffer for 1 hour at room 

temperature.  After 3 washes with TBS-T buffer, the immunoblots were developed using 

Western Lightning Chemiluminescence Reagent (Perkin Elmer, Boston MA).  

Chemiluminescence was detected by exposing the immunoblots to autoradiography film 

(Phoenix Research Products, Hayward CA) for varying lengths of times ranging from 5 

seconds to 20 minutes.   

 

2.6  KINASE ASSAYS 

2.6.1  Jun Kinase Assay  

 The JNK solid-phase kinase assay was performed using GST-fused c-jun 

substrate for JNK, according to the methods established by Prasad et al., 1995.  After 

washing with PBS (pH 7.4) cells were lysed with 200 µL of JNK lysis buffer on ice for 

30 minutes, clarified by centrifugation at 15,000 g, and protein estimated using the 

Bradford assay (BioRad, Hercules CA).  10 µL of the GST c-jun slurry was washed with 

JNK lysis buffer and incubated with 100 µg of protein lysate for two hours at 4º C in a 

rotator.  Following incubation, the beads were washed three times with JNK lysis buffer 

and once with JNK reaction buffer [20 mM HEPES (pH 7.6), 20 mM β-

glycerophosphate, 10 mM Na3VO4].  The kinase reaction was carried out by 
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resuspending the beads in 40 µL of JNK reaction buffer containing 20 µM [γ-32P] ATP 

(5000 dpm/pmol) followed by incubation at 30º C with shaking for 20 minutes.  The 

reaction was terminated by the addition of Laemmli’s sample buffer (Sambrook et al., 

2001) followed by boiling of the samples for three minutes.  The proteins were resolved 

on 12 % SDS-PAGE.  The gel was dried, and visualized by autoradiography.   

 

2.6.2  Immunecomplex ERK Kinase Assay 

 An immunecomplex kinase assay to monitor the activity of ERK kinase was 

carried out using previously published methods (Vara Prasad et al., 1996).  To monitor 

the phosphorylation kinase activity, ERK2 was immunoprecipitated from cell lysates 

using 1 µg of antibody to ERK2 (as described above).  After repeated washes, the 

immunoprecipitates were resuspended in 50 µL of kinase buffer (25 mM HEPES pH 7.4, 

5 mM MgCl2 and 0.2 mM EDTA) and subjected to kinase assay by incubation with 5 µg 

of myelin basic protein substrate, and 20 µM of [γ-32 P]-ATP (5000 cpm/mol) for 20 

minutes at 30° C. The reaction was terminated by the addition of Laemmli’s sample 

buffer followed by boiling of the samples for three minutes.  The phosphorylated proteins 

were separated by SDS-PAGE followed by autoradiography. 

  

 

2.7   ANALYSIS OF Gα12/13 ACTIVATION WITH GST-TPR ASSAY 

 A GST-TPR pulldown assay was used to determine the levels of activated Gα12 or 

Gα13 using previously published methods (Yamaguchi et al., 2002, 2003).  Cells 

stimulated with 20 µM LPA for 1 minute, or unstimulated control, or Cos-7 cells 
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expressing constitutively-active Gα12QL were rinsed twice with PBS, and lysed with 500 

µL cell lysis buffer (25 mM HEPES, 0.1% Triton X-100, 300 mM NaCl, 20 mM β-

glycerophosphate, 1.5 mM MgCl2, and 0.2 mM EDTA, 10 µg/mL aprotinin, 10 µg/mL 

leupeptin, 1 mM PMSF, and 1 mM Na3VO4).  Cell lysates were then centrifuged for 10 

minutes at 15,000 g at 4°C, and supernatants were incubated with GST-TPR bound to 

glutathione sepharose beads for 3 hours at 4°C.  After washing the beads with ice-cold 

lysis buffer, the bound proteins were fractionated by SDS-PAGE and subjected to 

immunoblot analysis with antibodies to Gα12 or Gα13.   

 

2.8  CELL MIGRATION ASSAYS 

2.8.1  In Vitro Wound Healing Assay 

 The in vitro wound healing assay was used to monitor the migratory response to 

LPA, as detailed in Shan et al., 2006.  5 x 105 cells were seeded into 60 mm culture 

dishes with media containing 10 % FBS, and allowed to adhere overnight.  Cells were 

then washed three times with PBS and incubated in serum-deprived media for 24 hours.  

A linear scratch wound was made across the cell monolayer using the sharp end of a 10 

µL sterile pipette tip (Sarstedt, Newton NC).  The cells were washed with serum-free 

media to remove cellular debris.  Fields of view (at 100X magnification) were selected at 

random along the linear wounds and imaged using an Olympus CK40 microscope and 

Kodak DC290 camera system.  The photographed fields were marked with a felt tip 

marker to allow re-identification at the next timepoint.  The cells were then incubated 

with serum-free media containing 20 µM LPA, or serum-free media alone for the control.  

After 24 hours incubation, the fields of view were identified and re-imaged.  



37 

 

2.8.2  Chamber Migration Assay 

 Cell migration was also monitored using a TransWell based chamber assay as 

described in Radhika et al., 2004.  The cell culture inserts (#353097 PET membrane with 

8.0 µm pores, BD Biosciences, Franklin Lakes, NJ) containing 5 x 104 cells suspended in 

200 µL serum-free media were placed in the well of the companion plate.  Each well 

contained 500 µL media containing serum-free media control, serum-free media 

containing 20 µM LPA or 10 % FBS.  The cells were incubated for 24 hours.  Non-

migrating cells on the proximal side of the inserts were removed with a cotton swab and 

the migrated cells on the distal side of the insert were fixed and stained with Hemacolor 

(EMD Chemicals, Inc., Gibbstown, NJ).  Images were obtained of random fields of view 

at 100X magnification and the number of migrated cells was enumerated.  

 

2.9   CELL PROLIFERATION ASSAYS 

2.9.1  Cell Proliferation Measurement by Counting  

 Equal number of cells (2.5 x 104) were seeded in 12-well culture dishes with 

media containing 10 % FBS and allowed to adhere overnight.  Cells were then incubated 

in serum-free media for 24 hours after washing twice with PBS.  Cells were then 

stimulated with 20 µM LPA dissolved in serum-free media, serum-free media alone 

(unstimulated control), or media containing 10% FBS as indicated in the appropriate 

experiment.  At the indicated timepoint, triplicate samples were harvested by incubation 

with 0.25 % Trypsin EDTA solution and gentle agitation for 2 minutes.  Cell solutions 

were resuspended with media containing 10 % serum, and counted with a 
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hemocytometer.  Cells were counted in this manner at immediately before stimulation (0 

hour), and at  24, 48, and 72 hours. 

 

2.9.2  Cell Proliferation Measurement by Crystal Violet Staining  

 Cell proliferation was monitored using crystal violet staining according to 

previously published methods (Orsulic et al., 2002) Equal number of cells (2.5 x 104) 

were seeded in 12-well culture dishes overnight, serum-deprived for 24 hours, then 

stimulated as described above.  At the indicated timepoint, cells were fixed using 10% 

formalin (Fisher Scientific, Pittsburgh, PA) dissolved in PBS for 10 minutes.  Triplicate 

samples were fixed in this manner immediately before stimulation (0 hour) and at 24, 48, 

and 72-hours.  After fixation, all of the samples were stored in sterile PBS at 4°C.  At the 

conclusion of the experiment, the fixed samples were stained with 0.1 % crystal violet 

(Sigma-Aldrich, St. Louis, MO) for 6 hours.  The samples were then washed extensively 

to remove excess dye, and dried overnight.  The cell-associated dye was then extracted by 

incubation with 1 mL acetic acid (Fisher Scientific) for 60 seconds.  The optical density 

of each sample was quantified at 590 nm.   

 

2.9.3  XTT Cell Proliferation Assay 

 The XTT Cell Proliferation Kit (Roche, Indianapolis, IN) was also used to 

monitor cell proliferation (Kumar et al., 2006).  Equal number of cells (5 x 103) were 

seeded into 96-well plates overnight, serum-deprived for 24 hours, then stimulated as 

described above.  The cells were then quantified using the XTT reagent as described by 
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the manufacturer and the fluorescence was monitored using a microplate reader at 492 

nm absorbance.   

 

2.9.4  CyQUANT Cell Proliferation Assay 

 The CyQUANT Cell Proliferation Kit (Invitrogen, Carlsbad, CA) was also used 

to monitor cell proliferation (Kumar et al., 2006).  Equal number of cells (5 x 103) were 

seeded into 96-well plates overnight, serum-deprived for 24 hours, then stimulated with 

10, 20, or 40µM LPA or unstimulated control for 48 hours.  The cells were then 

quantified using the CyQUANT reagent as described by the manufacturer and the 

fluorescence was monitored using a microplate reader at 492 nm absorbance.   

 

2.9.5  Growth Inhibition Studies 

 To determine the role of ERK and JNK signaling in the proliferative response to 

LPA, pharmacologic inhibitors of each MAPK were used.  ERK signaling was inhibited 

using the PD98059 compound (Calbiochem, San Diego, CA), which is an inhibitor of  

the upstream MAP2K MEK (Dudley et al., 1995).  The JNK inhibitor SP600125 (Biomol 

International, Plymouth Meeting, PA) was used, which is an ATP-competitive inhibitor 

of JNK-1, -2, and -3 (Bennett et al., 2001).  For these studies, 2.5 x 104 cells were seeded 

in 12-well culture dishes containing DMEM with 10 % FBS overnight, then serum-

deprived for 24 hours.  Before stimulation with LPA, cells were pretreated with 

PD98059, SP600125, or DMSO vehicle control for 2 hours.  Cells were then stimulated 

with 20 µM LPA, and the cell number at each timepoint was determined using the crystal 

violet staining or XTT assays as described above.   
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2.10  ESTABLISHMENT OF 12CT AND 13CT-EXPRESSING STABLE  

  CELL LINES 

2.10.1  Plasmids and Transfection 

 C-terminal minigene constructs for Gα12 (12CT) and Gα13 (13CT) consist of 13 

amino-acid spanning sequences: MGLQENLKDIMLQ and MGLHDNLKQLMQ, 

respectively (Gilchrist et al., 2001).  The sequences corresponding to these peptides were 

reconstituted and shuttled into mammalian expression vector pcDNA3.1 (Invitrogen, 

Carlsbad, CA) containing a neomycin-resistance gene and hemagglutinin epitope (HA) 

tag, as previously described (Gilchrist et al., 1989).  These constructs were transfected 

into SKOV3, OVCAR3, HEY, and Cos-7 cells using the FuGENE 6 reagent (Roche, 

Indianapolis, IN) according to the manufacturer’s protocol.  Briefly, 9 µL FuGENE 

reagent was mixed with 738 µL DMEM supplemented with 12.5 mM HEPES.  3 µg 

DNA was added to this solution and incubated for 20 minutes at room temperature.  This 

solution was added to a 100 mm culture dish of the indicated cell line grown to 

approximately 40 % confluence.  After 24 hours, the cells were inspected for any signs of 

cytotoxicity, and changed to fresh media containing 10 % FBS.   

 

2.10.2  Selection of Stable Transfectants 

 Stable clones expressing the pcDNA3.1 vector containing the 12/13CT cassette 

and the neomycin resistance gene were selected from the transfectants using a G418 

antibiotic selection protocol following previously published methods (Dermott and 
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Dhanasekaran, 2002).  The transfected cells were split 1 : 10 into 100 mm dishes 

containing 10 % FBS plus 400 µg/mL of active G418 (Mediatech, Manassas, VA).  The 

cells were selected in this media for 7 days, changing to fresh media twice.  After 7 days, 

the media wash changed to 10 % FBS containing 200 µg active G418.  After an 

additional 7 days, individual G418-resistent clones were isolated, trypsinized, and 

transferred to 24-well culture plates containing media supplemented with 200 µg G418.  

When the cells became confluent, they were expanded in 100 mm culture dishes.  These 

clones were grown and expanded.   

 

2.10.3  Screening for Stable Expression of 12CT and 13CT 

 Expression of the 12CT and 13CT construct was verified by immunoblot analysis.  

The protein product of the HA-tagged minigenes 12CT and 13CT were estimated to a 

molecular weigh of 10 kD.  To resolve the low molecular weight HA-tagged 12CT and 

13CT constructs, lysates containing 250 µg protein in RIPA buffer were separated with 

15% SDS-PAGE, ran at 7 mA overnight.  A 0.2 µm PVDF transfer membrane was 

soaked for 10 minutes in transfer buffer [10 mM CAPS (pH 11.0)] containing 35 % 

methanol. The gel was transferred to this PVDF membrane using the Trans-Blot 

appaparatus (BioRad, Hercules CA) at 70 Volts for 45 minutes.   The membrane was 

subjected to immunoblot analysis using an antibody to HA as detailed above.   

 

2.11  SOFTWARE AND STATISTICAL ANALYSES 

 Autoradiographic data was captured using Epson Photo Scanner (#4990). 

Photomicrographs were generated using a CK40 Olympus microscope (Center Valley, 
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PA) and Kodak DC290 camera system. Numerical data was analyzed and displayed 

graphically using GraphPad Prism version 4.0 for Mac (La Jolla, CA).  All of the 

statistical data presented were derived from multiple independent experiments, each 

performed with triplicate samples unless otherwise indicated.  Statistical significance was 

determined using Student’s t-tests (* indicates P values < 0.05).  For the cell proliferation 

data, doubling times (TD) were calculated using the  formula:  

TD = (T2-T1)     x     [log(2)] / [log (Q2/Q1)] 

Where T1 = 0 hours, T2 = 72 hours, Q1 = number of cells counted at 0 hours, and Q2 = 

number of cells counted at 72 hours.  
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CHAPTER 3 

 

DEFINING THE ONCOGENIC RESPONSE TO LPA  

IN OVARIAN CANCER CELLS 

 

3.1:  INTRODUCTION 

 LPA is a highly bioactive molecule, known to induce smooth muscle contraction, 

platelet activation, and migration in endothelial and fibroblast cells (reviewed in 

Moolenaar, 1994).  In ovarian cancer cells, LPA has been well-characterized as a pro-

migratory factor, shown to induce migration and invasion by a variety of assays (Fishman 

et al., 2001;  Sawada et al., 2002).  The effects of LPA on proliferation of ovarian cancer 

cells have been less well characterized, but are of crucial importance.  Unlike most solid 

tumors, there are no solid tissue structures separating the ovarian epithelium from its 

common sites of metastases (i.e., uterus, intestine, and mesentery) (Memarzadeh and 

Berek, 2001).  Therefore the acquisition of cell proliferation, rather than invasion, is 

believed to be the crucial step in disease progression.  Many of the in vitro effects of LPA 

are induced with low micromolar concentrations: within the range detected in the serum 

and ascites of ovarian cancer patients (Xu et al., 1998;  Xiao et al., 2001;  Baker et al., 

2002;  Sutphen et al., 2004).  However, the role of LPA in mediating the proliferation of 

ovarian cancer cells has yet to be fully characterized.   

 These effects of LPA are thought to be mediated by a family of structurally 

related G protein coupled LPA receptors: LPA1, LPA2, and LPA3, and termed LPARs 

collectively (An et al., 1997;  An et al., 1998;  Bandoh et al., 1999).  Some studies have 
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reported a differential expression of LPAR family members in malignant ovarian 

specimens and cell lines (An et al., 1998;  Bandoh et al., 1999;  Goetzl et al., 1999; 

Pustilnik et al., 1999;  Hu et al., 2001;  Hu et al., 2003).  However, the GPCRs and the G 

protein pathways that mediate the oncogenic responses to LPA have yet to be identified.  

Therefore, in order to characterize this system, experiments were carried out to define the 

expression profile of LPARs and G proteins, and to quantify the oncogenic response to 

LPA across a panel of human ovarian cell lines.   

   

3.2:  DEFINING THE LPAR AND G-PROTEIN EXPRESSION   

  PROFILE IN OVARIAN CANCER CELL LINES 

 To define the oncogenic signaling pathways activated by LPA in ovarian 

carcinoma, a panel of human ovarian cell lines was assembled.  Four malignant ovarian 

cancer cell lines were selected for these studies: SKOV3, HEY, OVCAR3, and 2008.  

Each of these cell lines were derived from specimens isolated from patients with 

metastatic ovarian adenocarcinoma (Fogh et al., 1977;  Hamilton et al., 1983;  Buick et 

al., 1985;  Gebauer et al., 2000).  Each of these cell lines demonstrate tumorigenicity in 

immunocompromised mice (Fogh et al., 1977;  Hamilton et al., 1983;  Buick et al., 1985) 

and different degrees of resistance to the alkylating agent cis-platinum (Fogh et al., 1977;  

Hamilton et al., 1983;  Buick et al., 1985), except for 2008 which is cisplatin sensitive 

(Gebauer et al., 2000).  In addition, two cell lines created from normal ovarian tissue 

specimens were included for comparison: HOSE, and IOSE.  Each of these lines were 

derived from normal, non-cancerous, ovarian epithelium and immortalized with HPV 
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E6/E7 or SV40 large T antigen, respectively (Jin et al., 2004; Maines-Bandiera et al., 

2004).   

 

3.2.1:  LPARs are differentially expressed in ovarian cancer cells 

 To define the components of the LPA system, we began by determining the 

expression profile of LPARs across this panel of cells.  LPAR expression was first 

determined by RT-PCR using primers specific for LPA1, LPA2, and LPA3 (Figure 3).  

Cells were collected in log-growth phase and processed for RT-PCR analysis as detailed 

in Material and Methods.  The results indicate that all of the ovarian cell lines express 

receptors for LPA.  Interestingly, the malignant cell lines express all three LPARs, while 

the non-malignant cells express a more limited LPAR profile.  Next, to verify that the 

PCR productions of LPARs are associated with expression of protein products, an 

immunoblot analysis was carried out using antibodies to LPA1, LPA2, and LPA3 (Figure 

4).  The results indicate expression of LPA1 in all of the cell lines, and LPA2 in all 

except HOSE.  Despite multiple attempts using different protocols, no bands were 

resolved using the prototype LPA3 antibody.  However, the expression pattern for LPA1 

and LPA2 corresponds to the RT-PCR analysis, and verifies expression of these receptors 

in the cell lines.  
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Figure 3: Expression of LPARs (RT-PCR) 

 
RNA from two non-malignant (HOSE, IOSE) and four malignant ovarian cell lines was 
prepared, and RT-PCR analyses was carried out with primers specific to the LPA 
receptors LPA1, LPA2, LPA3, and GAPDH as a positive control, as described in 
Materials and Methods.  The experiment was repeated 5 times, and a representative RT-
PCR analysis is presented. 
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Figure 4: Expression of LPARs (Immunoblot Analysis) 
 
Lysates (50 µg) from SKOV3, HEY, and 2008 ovarian cancer cells were collected, 
separated by 10% SDS-PAGE and subjected to immunoblot analysis using antibodies 
specific to LPA1, LPA2, LPA3 or GAPDH as a loading control, as described in Material 
and Methods. The experiment was repeated 5 times, and a representative immunoblot is 
presented. 
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3.2.2:  Gα-subunits are differentially expressed in ovarian cancer cells 

 To further define the components of LPA signaling in ovarian cancers, the 

expression profiles of the G protein α-subunits were determined. The G proteins are 

divided into four major families – Gs, Gi, Gq, and G12 – on the basis of amino-acid 

homology of the α-subunits (Dhanasekaran and Dermott, 1996).  To date, LPA signaling 

has been most strongly linked to Gi, Gq, and G12/13 (Mills and Moolenaar, 2003).  To 

profile the Gα-subunits expressed in the representative ovarian cancer cells, an 

immunoblot analysis was carried out using the lysates from the panel of four ovarian 

cancer cell lines for the expression of the major G protein α-subunits (Figure 5).  The 

results indicate that Gαq was expressed at high levels in each of the cells.  In addition, 

each cell line expressed either Gαi or Gαs as the dominant G protein from this signaling 

axis.  Notably, Gα12 was highly expressed in SKOV3 and Hey cells.  Taken together, 

these studies defined the LPAR and G protein expression profile across a panel of human 

ovarian cell lines.   

 

3.3:  VERIFYING THE MIGRATORY EFFECT OF LPA IN OVARIAN  

  CANCER CELLS 

 Next to begin to characterize the functional role of LPA signaling in ovarian 

cancer cells, the migratory effects of LPA was monitored.  LPA has been well-

characterized as a pro-migratory factor in multiple cell systems (Moolenaar, 1995;  

Fishman et al., 2001;  Sawada et al., 2002).  Therefore the in vitro wound healing assay 

was used to document the migratory response to LPA as an indicator of functional 



50 

 
 

                                           
 

Figure 5: Expression of Gα-subunits 
 
Lysates (50 µg) from SKOV3, HEY, and 2008 ovarian cancer cells were collected, 
separated by 10% SDS-PAGE and subjected to immunoblot analysis using antibodies 
specific to Gα12, Gαi, Gα13, Gαq, and Gαs as described in Materials and Methods.  Each 
blot was stripped and re-probed with the indicated antibody, and with GAPDH as a 
loading control.  The experiment was repeated 4 times, and a representative immunoblot 
is presented. 
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 activation of the LPA-LPAR pathway in the representative ovarian cancer cells.  For 

these studies cells were stimulated with 20 µM LPA (as detailed in Materials and 

Methods) to simulate physiologic levels of the ligand as measured in the ascites of 

ovarian cancer patients (Xu et al., 1998;  Xiao et al., 2001;  Baker et al., 2002; Sutphen et 

al., 2004).  As previously shown (Fishman et al., 2001;  Sawada et al., 2002), LPA 

induced a significant migratory response in the ovarian cancer cell lines (Figure 6 and 

Figure 7).  After 24h, LPA-stimulated cells demonstrate significantly greater closure of 

the wound as compared with unstimulated controls.  These experiments verify the 

functional role of LPA in inducing migration in the ovarian cancer cell system, and thus 

verify functional activation of the endogenous LPARs.   

 
 

3.4:  CHARACTERIZING THE PROLIFERATIVE RESPONSE TO LPA 

  IN OVARIAN CANCER CELLS 

3.4.1:    LPA induces a proliferative response in ovarian cancer cell lines 

 Thus far, the LPAR and G protein expression profile of a panel of ovarian cell 

lines was characterized, and the functional migratory response was verified using 

physiologic concentrations of LPA.  The role of LPA as a mitogenic factor in inducing a 

proliferative response in ovarian cancer cells has yet to be fully elucidated, and is of 

crucial importance.  Therefore this system was next used to characterize the effects of 

LPA on cell proliferation.  To initiate these studies, a series of proliferation assays were 

carried out.   
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Figure 6:  LPA induces migration of SKOV3  
(in vitro wound healing assay) 

 
5 x 105 SKOV3 cells were plated in 60 mm plates, allowed to adhere overnight.  
Following serum-deprivation for 24h, a scratch wound was made across the cell 
monolayer.  Fields of view (at 100X magnification) were selected at random, 
photographed, and marked for re-identification.  The identical fields of view were re-
imaged following 24 h of incubation with 20 µM LPA in serum-free media, or serum-free 
media alone.  These images are representative of three independent experiments, each 
performed with triplicate fields of view.   
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Figure 7:  LPA induces migration of HEY  
(in vitro wound healing assay) 

 
5 x 105 HEY cells were plated in 60 mm plates, allowed to adhere overnight.  Following 
serum-deprivation for 24 h, a scratch wound was made across the cell monolayer.  Fields 
of view (at 100 X magnification) were selected at random, photographed, and marked for 
re-identification.  The identical fields of view were re-imaged following 24h of 
incubation with 20 µM LPA in serum-free media, or serum-free media alone.  These 
images are representative of three independent experiments, each performed with 
triplicate fields of view.   
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 Fist, the potential mitogenic response was monitored in the presence of increasing 

concentrations of LPA using the CyQUANT proliferation assay (Figure 8).  2.5 x 104 

SKOV3 cells were seeded in triplicate, allowed to adhere overnight, serum-starved for 24 

hours, and then incubated with 10, 20, or 40 µM LPA or unstimulated control for 48 

hours.  Each sample was quantified using the CyQUANT reagent as described in 

Materials and Methods.  The results of these experiments demonstrate an increase in cell 

number with LPA stimulation, as compared to the unstimulated control.  This response 

was statistically significant (P  < 0.0001), and moreover demonstrates a dose response, 

consistent with a mitogenic effect of LPA on ovarian cancer cells.  

 Next the effects of LPA on cell number was monitored using enumeration to 

characterize the growth response in multiple cell lines..   2.5 x 104 SKOV3, Hey, and 

2008 cells were seeded, allowed to adhere overnight, serum-starved for 24 hours, and 

then incubated with 20 µM LPA or unstimulated control.  Triplicate samples were 

counted with a hemocytometer every 24 hours for the 72-hour experiment (as described 

in Materials and Methods).  The results clearly demonstrate that LPA induced an increase 

in cell number in all three cell lines tested (Figure 9).  These growth curves demonstrate 

that in the unstimulated control, the cell number remained steady or decreased slightly 

over 72-hours.  LPA stimulation, however, resulted in a time-dependent increase in 

number in each of the three cell lines.  Statistical analyses using unpaired t-tests revealed 

that this response was statistically significant for each of the cell lines (P = 0.0136, 

0.0028, and 0.0009 respectively).  The doubling time of each cell line was calculated 

from these growth curves according to a standard formula (see Materials and Methods).   



55 

 
 
 
 
 
 

 
 
 

Figure 8:  LPA induces cell proliferation (CyQUANT assay) 
 
2.5 x 104 SKOV3 cells were seeded in triplicate into 96-well culture dish, allowed to 
adhere overnight and serum-deprived for 24 hours.  Cells were then incubated with 
serum-free media (unstimulated control), media supplemented with 10, 20, or 40 µM 
LPA.  After 48 hours, triplicate  samples were processed using the CyQUANT kit as 
described in Materials and Methods.  The absorbance is plotted for each condition as 
Mean + SEM (n = 3). 

0
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Figure 9:  LPA induces cell proliferation (enumeration assay) 
 
2.5 x 104 SKOV3, Hey, and 2008 cells were plated in triplicate in 12-well culture dishes 
and allowed to adhere overnight, and serum-deprived for 24 hours.  Cells were then 
incubated with 20 µM LPA in serum-free media, or serum-free media alone 
(unstimulated control).  Triplicate samples were enumerated at 0, 24, 48, and 72 hours 
with a hemocytometer.  The cell number is plotted as Mean + SEM (n = 3). 
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These calculations revealed a doubling time of 39.5 hours for SKOV3, 36.5 hours for 

Hey, and 42.9 hours for 2008.  

 Next the effect of LPA on cell growth was verified using an alternative technique 

with less operator dependence.  A crystal violet-based assay was used for these studies in 

which the cell number is proportional to spectrophotometric absorption (Orsulic et al., 

2002).  2.5 x 104 SKOV3, Hey, and 2008 cells were seeded, serum-starved, and then 

incubated with 20 µM LPA or unstimulated control as described above.  Triplicate 

samples were collected every 24 hours for the 72-hour experiment, formalin-fixed and 

stained with crystal violet, as described in Materials and Methods.   The absorbance in 

each sample was determined and plotted (Figure 10).  The results of these experiments 

demonstrate a significant response to LPA in the SKOV3, Hey, and 2008 cells.  

 Finally, the XTT Proliferation Assay was used to verify the effects of LPA on 

ovarian cancer cell growth.  This assay uses a tetrazolium salt, which is reduced to a 

colored formazan compound only by metabolically active cells, and results in a signal 

that is linearly proportional to cell number (Kumar et al., 2006) .  Using this assay,  cells 

were stimulated for 24 hours with LPA, and compared with unstimulated control, or 

FBS-stimulated samples (Figure 11) as described in Materials and Methods.  The results 

of these experiments also demonstrate a clear increase proliferation with LPA.  These 

data show a statistically significant LPA response (P = 0.0007, < 0.0001) for each of the 

cell lines tested.  Taken together, these experiments demonstrate that LPA induces a 

significant proliferative response in ovarian cancer cell lines.   
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Figure 10:  LPA induces cell proliferation (crystal violet assay) 
 
2.5 x 104 SKOV3, Hey, and 2008 were seeded in triplicate, serum-deprived for 24 hours, 
and stimulated with 20 µM LPA or unstimulated control as described briefly above.  
Triplicate samples of LPA-stimulated and control cells were fixed at 0, 24, 48, and 72 
hours using 10 % formalin, stained with crystal violet and washed extensively.  At the 
conclusion of the experiment, cells were subjected to dye extraction in 1 mL of acetic 
acid.  The triplicate samples were quantified by spectrophotometry at OD 590.  The 
absorbances are plotted as Mean + SEM (n = 3). 
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Figure 11:  LPA induces cell proliferation (XTT Assay) 

 
5 x 103 SKOV3 and Hey cells were seeded in triplicate into 96-well culture dish, allowed 
to adhere overnight and serum-deprived for 24 hours.  Cells were then incubated with 
serum-free media (unstimulated control), media supplemented with 20 µM LPA, or 10 % 
FBS (positive control).  After 24 hours, triplicate  samples were processed using the XTT 
kit as described in Materials and Methods.  The fluorescence is plotted for each condition 
as Mean + SEM (n = 3). 
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3.4.2:    LPA does not induce a proliferative response in non-malignant  

  ovarian cell lines 

 Next the nonmalignant ovarian cell lines were used to determine if the 

proliferative response to LPA was also elicited in these cells.  To address this question, 

the crystal violet based proliferation assay was carried out using the nonmalignant HOSE 

and IOSE cell lines.  For these experiments, cells were stimulated with 20 µM LPA, 

unstimulated control, or 10% FBS (positive control) for the 72-hour experiment.  The 

growth curves (Figure 12) demonstrate that the proliferative response to LPA is strikingly 

absent.  While stimulation with serum resulted in a highly robust response in IOSE  and 

HOSE , the response observed in the LPA- stimulated cells was statistically identical 

stimulated cells was statistically identical to the unstimulated control (P = 0.3277, 0.3025 

respectively).  These results clearly show that the proliferative response observed with 

LPA in the ovarian cancer cells is not maintained in the nonmaligant cell lines, and 

suggests a specific sensitivity to LPA in the cancerous cells. 

 

 3.5:  DISCUSSION 

 The studies presented here have defined the expression profiles of LPARs and G 

proteins in a representative panel of ovarian cancer cells.  This data reveals expression of 

LPA1 in the ovarian cancer and non-malignant ovarian cells (Figure 3 and 4).  LPA2 was 

expressed in all of the cancer and one of the two non-malignant cells (IOSE) (Figure 3 

and 4).  Although no bands were resolved using the prototype antibody to LPA3, the RT-

PCR analysis suggests expression only in the cancerous cells (Figure 3).  Interestingly, 

these data correspond to published Northern blot analyses which have reported  
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Figure 12:  LPA does not induce proliferation  
of nonmalignant ovarian cells 

 
2.5 x 104 HOSE and IOSE cells were seeded in triplicate, allowed to adhere overnight, 
and serum-deprived for 24 hours.  Cells were then incubated with serum-free media 
(unstimulated control), media supplemented with 20 µM LPA, or 10 % FBS (positive 
control).  Triplicate samples were fixed at 0, 24, 48, and 72 hours as described in 
Materials and Methods.  The absorbances are plotted as Mean + SEM (n = 3). 
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ubiquitous expression of LPA1 (An et al., 1997), as well as previous analyses which 

reported a relative overexpression of LPA2 and LPA3 in malignant ovarian specimens 

and cell lines (An et al., 1998;  Bandoh et al., 1999;  Goetzl et al., 1999;  Pustilnik et al., 

1999;  Hu et al., 2001;  Hu et al., 2003).  

 Although previous studies have reported differential expression levels of the 

LPARs in benign and malignant ovarian specimens (An et al., 1998;  Bandoh et al., 

1999;  Goetzl et al., 1999;  Pustilnik et al., 1999;  Hu et al., 2001;  Hu et al., 2003), the 

contribution of individual LPAR signaling axes to the oncogenic responses to LPA is 

unknown.  LPA2 has been speculated to serve as a dominant receptor, as stimulation of 

an ovarian cancer cell line which expresses LPA2 but not LPA1, resulted in a 

proliferative response (Goetzl et al., 1999).  Similar to previous observations, the 

nonmalignant HOSE cells included in this cell panel express only LPA1. It was 

surprising to observe that the second nonmalignant cell line IOSE expressed LPA1 as 

well as LPA2.  It is possible that this difference in LPA2 expression is due to differences 

in the specimens from which they were derived, or the methods of immortalization.  

Given the focus on LPA2 in the literature, however, it was interesting to observe the lack 

of a proliferative response in both the LPA2-null HOSE and the LPA2-expressing IOSE 

cells (Figure 11).  This suggests that expression of LPA2 is not sufficient to confer a 

proliferative response in the absence of other signals.  It should be acknowledged here 

that this data, which compares differences in endogenous LPAR expression status 

between two cell lines, is not ideal to test the question of LPAR-specific effects, as this is 

not a major goal of this thesis.  However, these data have formed the foundation for 
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future studies to directly investigate the role of specific LPARs in proliferation using 

specific LPAR antagonists and/or RNA interference technology. 

 The expression of the Gα subunits was also determined in this panel of cells.  

Given the many lines of evidence linking Gα12 signaling to cell growth and cancer, it is 

interesting to note that Gα12 is highly expressed in the SKOV3 and Hey cells (Figure 5).  

These two cell lines exhibited the most potent proliferative response to LPA, as compared 

to 2008 (Figures 8, 9) which expressed a relatively lower level of Gα12.  While this data 

does not directly confirm a link between Gα12 and a proliferative response to LPA, it 

does warrant additional studies, which are presented in Chapter 5. 

 A significant migratory response was observed in the LPA-stimulated ovarian 

cancer cells (Figure 6 and 7).  Stimulation with LPA resulted in an increased rate of 

closure in the in vitro wound healing assay.  These results were similar to previous 

observations reporting a pro-migratory effect of LPA in ovarian cancer cells (Fishman et 

al., 2001;  Sawada et al., 2002).  The migratory response thus observed confirms 

functional activation of the LPA-LPAR system  in the ovarian cancer cells.   

 Most significantly, these studies demonstrate that LPA induces a robust 

proliferative response in multiple ovarian cancer cell lines.  This response was 

characterized using three different assays (Figures 8, 9, 10).  Enumeration experiments 

revealed a significant increase in cell number across the panel of cell lines (Figure 8).  

These results were verified with the crystal violet based staining assay, which is subject 

to less operator dependence, and thus less error (Figure 9).  It is significant to note, 

however, that crystal violet is a whole-cell stain, known to bind both nuclear and 

cytoskeletal elements.  Therefore the final absorbance values using this technique are 
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likely to represent changes in total cell number as well as cell size and morphology.  

Therefore, the results were again verified using the metabolic-based XTT assay (Figure 

10).  LPA stimulation resulted in a robust and statistically-significant response in all three 

cell lines tested in each of the three assays.  In addition, the LPA response was similar in 

both the magnitude and time-course among the different methods.  Taken together, these 

series of experiments demonstrate that LPA does indeed induce a significant proliferative 

response in multiple ovarian cancer cell lines.  

 These growth responses observed with LPA stimulation compare logically to the 

responses observed with serum stimulation.  The doubling times for each cell line 

calculated from the enumeration data were logically longer than the published doubling 

times for these cells when cultured in serum (Wiener et al., 1999).  In addition, the 

quantified response to LPA observed using the XTT approach was not as robust as that 

observed with the serum stimulated controls (Figure 10).  This is consistent with the 

presence of multiple mitogenic factors in serum.  It should also be noted that the 

magnitude of the proliferative response to LPA demonstrated here, corresponds to that 

observed with its original characterization as an ovarian cancer activating factor in Hey 

cells (Mills et al., 1995) 

 These studies used 20 µM of LPA, which is within the range detected in the 

ascites of ovarian cancer patients (Xiao et al., 2001). This physiologically-relevant 

concentration of LPA therefore simulates the condition of ovarian cancer cells exposed to 

ascitic fluid in vivo.  Unlike most solid tumors, there are no solid tissue structures 

separating the ovarian epithelium from its common sites of metastases (i.e., uterus, 

intestine, and mesentery).  Therefore the acquisition of cell proliferation, rather than 
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invasion, is believed to be the crucial step in disease progression (Memarzadeh and 

Berek, 2001).  Despite this, the proliferative effects of LPA on ovarian cancer cells had 

yet to be fully elucidated.  This underscores the significant of this data, which 

demonstrated that LPA induces a proliferative, as well as a migratory response, in 

ovarian cancer cell lines, and thus establishes a system to characterize the oncogenic 

pathways activated by LPA. 
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CHAPTER 4 

 

THE ROLE OF MAPK SIGNALING IN LPA-INDUCED PROLIFERATION 

 

4.1:  INTRODUCTION 

 The mitogen activated protein kinase (MAPK) modules regulate many critical 

cellular responses including cellular differentiation, apoptosis, and proliferation (Fanger 

et al., 1997;  Minden and Karin 1997;  Dhanasekaran and Reddy 1998;  Gutkind 1998; 

Garrington and Johnson 1999;  Davis, 2000;  Chang and Karin, 2001; Bradham and 

McClay, 2006; Dhillon et al., 2007). Each of these modules consists of three distinct 

kinases, namely an upstream MAP kinase kinase kinase (MAP3K), a MAP kinase kinase 

(MAP2K), and a downstream MAP kinase (MAPK).  In a typical signaling pathway, 

growth factor stimulated small GTPases such as Ras, CDC42, and Rac activate an 

upstream MAP kinase kinase kinase kinase (MAP4K), following which the MAP kinase 

cascades proceed through the sequential phosphorylation of constituent MAP3K, 

MAP2K, and MAPK (Minden and Karin, 1997; Dhanasekaran & Reddy, 1998;  Davis, 

2000; Chang and Karin, 2001). Activated MAP kinases translocate from the cytoplasm to 

the nucleus where they regulate the activities of various transcription factors through 

phosphorylation (Khokhlatchev et al., 1998;  Brunet et al., 1999).  These three-tier 

MAPK phospho-relay systems modulate the expression of specific primary as well as 

secondary response genes involved in cell proliferation, differentiation, and apoptosis 

(Gutkind, 2000;  Kranenburg and Moolenaar, 2001;  Werry et al., 2005). 
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GPCRs interface with the MAPK modules through a variety of dynamic and 

multilayered mechanisms, involving canonical G-protein effectors, as well as receptor 

tyrosine kinase transactivation, and scaffolding proteins, in a context specific manner 

(Goldsmith and Dhanasekaran, 2007).  Gαs-regulated signaling pathways, via cAMP as 

well as cAMP-activated PKA, have been shown to play a major role in stimulation as 

well as inhibition of MAPK-modules such as those of ERK1/2, ERK5, and p38MAPK  

(Cook and McCormick, 1993;  Wu et al., 1993;  Graves et al., 1993;  Wan and Huang, 

1998;  Stork and Schmitt, 2002;  Laroche-Joubert et al., 2002;  Zheng et al., 2000;  

Dumaz and Marais, 2005;  Pearson et al., 2006;  Houslay, 2006).  Gαi can activate the 

ERK-module through a diverse set of mechanisms involving either direct or indirect 

activation of Ras (Pace et al., 1995; Edamatsu et al., 1998) as well as through 

mechanisms dependent upon its erstwhile associated βγ-subunit (Crespo et al., 1994; 

Faure et al., 1994;  Koch et al., 1994;  Pace et al., 1995).  Gαq can also stimulate multiple 

MAPK modules via both PLC-DAG-PKC- and PLC-IP3-Ca2+- mediated signaling 

pathways (Kolch et al 1993;  Lev et al., 1995;  Coso et al., 1995, 1996).  G12 proteins 

strongly stimulate JNK activity in a variety of cells (Prasad et al., 1995;  Collins et al., 

1996;  Voyno-Yasenetskaya et al., 1996).  G12 proteins have also been shown to 

attenuate the activation of ERK1/2 and p38MAPK in a cell-type-dependent manner 

(Voyno-Yasenetskaya et al., 1996;  Mitsui  et al., 1997;  Dermott et al 2004). 

 Activation of the MAPK modules, particularly ERK, by LPA has been well 

documented in fibroblast cell lines (Kranenburg and Moolenaar, 2001).  A role for 

MAPK signaling in ovarian cancer cells has also begun to emerge.  LPA has been shown 

to activate ERK1/2 in a variety of ovarian cancer cells (Baudhuin et al., 2002; Budnick et 
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al., 2004;  Meng et al., 2005).  ERK signaling has been shown to be required for 

upregulation of FasL (Meng et al., 2004) and COX-2 (Symowicz et al., 2004) expression 

by LPA.  However, the role of ERK signaling in the LPA-induced proliferative response 

has yet to be investigated.  The JNK module has also been shown to be regulated by 

LPA.  In MEFs from LPAR knockout mice, JNK activation by LPA was maintained in 

lpa1(-/-) and lpa2(-/-) single knockouts, but this response was completely abolished in the 

lpa1(-/-)lpa2(-/-) double knockout (Contos et al., 2002).  Although JNK signaling has 

recently been linked to oncogenesis, including a determinant role in lung cancers 

(Heasley and Han, 2006: Khatlani et al., 2006), the role of JNK signaling in mediating 

the proliferative response to LPA has yet to be investigated.  To pursue these studies, the 

MAPK response in LPA-stimulated ovarian cancer cells was characterized. 

 

4.2:  LPA ACTIVATES ERK 

4.2.1:  LPA stimulates the phosphorylation of ERK 

 To determine the role of MAPK signaling in the proliferative response to LPA, 

the activation profile of ERK in response to LPA was first determined by immunoblot 

analysis.  7 x 105 SKOV3 cells were serum starved for 24 hours, then stimulated with 

increasing doses of LPA, serum free media alone, or 10% FBS for 10 minutes (Figure 

12).  The lysates were subjected to immunoblot analysis as described in Materials and 

Methods.  The levels of phosphorylated ERK was determined.  The blot was then 

stripped and re-probed with an antibody to ERK to monitor the expression levels.  The 

results (Figure 13) indicate that LPA stimulates the phosphorylation of ERK as 

demonstrated by the increase in phosphorylated ERK (Figure 13; Lane 1, 2, and 3)  
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Figure 13: LPA stimulates the phosphorylation of ERK (Dose-response) 
 
7 x 105 SKOV3 cells were seeded and allowed to adhere overnight in media containing 
10 % FBS.  After washing twice with PBS, cells were serum-deprived for 24 hours.  
Cells were then stimulated for 10 minutes with serum-free media alone (unstimulated 
control), 10 % FBS, or LPA at the indicated concentration.  Lysates (50 µg) were 
collected and subjected to immunoblot analysis using an antibody to phosphorylated 
ERK.  The blot was stripped and reprobed with an antibody to total ERK as a loading 
control, as detailed in Materials and Methods.  The experiment was repeated 7 times, and 
a representative immunoblot is presented. 
 



71 

compared to the unstimulated control (Figure, 13; Lane 1).  Increased levels of phospho-

ERK were observed with as little as 200 nM LPA, and to a greater magnitude with 2 µM 

and 20 µM.  20  µM did not appear to induce a greater magnitude than 2 µM, indicating 

that the ERK response plateaus around these concentrations of LPA.  Interestingly, 

stimulation of these cells with 2 µM and 20 µM LPA resulted in a level of 

phosphorylated ERK that was greater than observed with 10 % FBS.   

 To further characterize the ERK response to LPA, the kinetics of ERK-activation 

in response to 5 µM LPA was carried out.  7 x 105 SKOV3 cells were seeded and after 24 

hours serum starvation, were stimulated with 5 µM LPA for 0, 5, 10, 30, and 90 minutes.  

At the end of the incubation period, the cells were subjected to immunoblot analysis 

using an antibody to phosphorylated ERK.  Following this, the blot was stripped and re-

probed with antibody to ERK to monitor the expression levels.  The results indicate that 

LPA induces stimulates the phosphorylation of ERK in a time-dependent manner (Figure 

14).  5 µM LPA induced phosphorylation of ERK within 5 minutes.  Increased levels of 

phosphorylated ERK were observed at 10 and at 30 minutes of LPA stimulation.  By 90 

minutes, the levels of phosphorylated ERK were reduced back to baseline.  

 

4.2.2:  LPA stimulates ERK kinase activity 

 Next, to further characterize ERK activity in response to LPA stimulation, an 

immunecomplex kinase assay was carried out (Vara Prasad et al 1996).  7 x 105 SKOV3 

cells were serum starved for 24 hours, then stimulated with increasing doses of LPA, 

serum free media alone, or 10% FBS for 10 minutes.  Levels of activated ERK were 

determined using immunecomplex kinase assay as described in Materials and Methods.  
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Figure 14: LPA stimulates the phosphorylation of ERK (Time-response) 
 
7 x 105 SKOV3 cells were seeded and allowed to adhere overnight in media containing 
10 % FBS.  After washing twice with PBS, cells were serum-deprived for 24 hours.  
Cells were then stimulated with 5 µM LPA for the indicated timepoints.  Lysates (50 µg) 
were collected and subjected to immunoblot analysis using an antibody to phosphorylated 
ERK.  The blot was stripped and reprobed with an antibody to total ERK as a loading 
control, as detailed in Materials and Methods.  The experiment was repeated 7 times, and 
a representative immunoblot is presented. 
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The results indicate that stimulation with LPA results in increased levels of ERK kinase 

activity as indicated by the increased levels of phosphorylated MBP substrate (Figure 15; 

lanes 3 and 4) as compared to the unstimulated control (lane 1).  Stimulation with 2 µM 

and 20 µM resulted in a dose-dependent increase in ERK activity. Interestingly, 

stimulation with 20 µM LPA resulted in a level of ERK activity that was greater than 

observed with 10 % FBS, corresponding to the trend observed with the phosphorylated 

ERK immunoblot analysis.  Taken together, the results of these studies indicate that LPA 

stimulation induces the phosphorylation and kinase activity of ERK. 

 

4.3:  LPA ACTIVATES JNK 

4.3.1:  LPA stimulates the phosphorylation of JNK 

 The JNK module has been shown to be activated by G proteins, especially G12 

proteins, in a variety of cells (Prasad et al., 1995;  Voyno-Yasenetskaya et al., 1996; 

Collins et al., 1996;  Jho et al., 1997;  Negao et al., 1999;  Arai et al., 2003;  Marinissen 

et al., 2003).  However, the role of JNK signaling by LPA in ovarian cancer cells has yet 

to be fully characterized. To determine the role of JNK signaling in the proliferative 

response to LPA, we began by determining the activation profile of JNK in response to 

LPA by immunoblot analysis.  7 x 105 SKOV3 cells were serum starved for 24 hours, 

then stimulated with increasing doses of LPA, serum free media alone, or 10% FBS for 

10 minutes.  Levels of phosphorylated JNK, and total JNK expression levels, were 

determined by immunoblot analysis as described in Materials and Methods.  The results 

indicate that LPA induces phosphorylation of JNK, as indicated by increased levels of 

phosphorylated JNK (Figure 16; lanes 2, 3, 4) as compared to the unstimulated control  
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Figure 15: LPA stimulates the activation of ERK kinase activity 
 
7 x 105 SKOV3 cells were seeded and allowed to adhere overnight in media containing 
10 % FBS.  After washing twice with PBS, cells were serum-deprived for 24 hours. 10 % 
FBS.  After washing twice with PBS, cells were serum-deprived for 24 hours.  Cells were 
then stimulated for 10 minutes with serum-free media alone (unstimulated control), 10 % 
FBS, or LPA at the indicated concentration.  Lysates (250 µg) were collected and 
subjected to immunecomplex kinase assay using [γ-32 P]-ATP and myelin basic protein 
(MBP) as a substrate as detailed in Materials and Methods.  ERK kinase activity was 
determined based on levels of phosphorylated MBP as presented.  The experiment was 
repeated 3 times, and a representative autoradiograph is presented. 
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Figure 16: LPA induces phosphorylation of JNK (Dose-response) 

 
7 x 105 SKOV3 cells were seeded and allowed to adhere overnight in media containing 
10 % FBS.  After washing twice with PBS, cells were serum-deprived for 24 hours.  
Cells were then stimulated for 10 minutes with serum-free media alone (unstimulated 
control), 10 % FBS, or LPA at the indicated concentration.  Lysates (50 µg) were 
collected and subjected to immunoblot analysis using an antibody to phosphorylated 
JNK.  The blot was stripped and reprobed with an antibody to total JNK as a loading 
control, as detailed in Materials and Methods. The experiment was repeated 7 times, and 
a representative immunoblot is presented. 
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(lane 1).  Increased levels of phosphorylated JNK were induced with as little as 200 nM 

LPA.  Stimulation with higher concentrations of LPA (2 µM and 20 µM) did not appear 

to induce a greater magnitude JNK phosphorylation.  

 To further characterize the JNK response to LPA, the kinetics of JNK-activation 

in response to 5 µM LPA was carried out.  After 24 hours serum starvation, cells were 

stimulated with 5 µM LPA for 0, 5, 10, 30, and 90 minutes. At the end of the incubation 

period, the cells were subjected to immunoblot analysis using an antibody to 

phosphorylated JNK.  Following this, the blot was stripped and re-probed with antibody 

to JNK to determine the expression levels. The results indicate that LPA induces 

phosphorylation of JNK in a time- dependent manner.  5 µM LPA induced 

phosphorylation of JNK within 5 minutes stimulation (Figure 17; lane 2) as compared to 

the unstimulated control (lane 1).  The JNK response appeared to peak at 10 minutes 

(lane 3).  By 30 minutes, the levels of phosphorylated JNK had begun to decrease (lane 

4), and levels were back to baseline by 90 minutes (lane 5).  

 

4.3.2:  LPA stimulates the activity of JNK  

 Next, to further characterize the JNK response to LPA stimulation, JNK activity 

was determined using a solid-phase kinase assay in which GST-fused c-jun was used as a 

substrate according to the methods established by Prasad et al., 1995, and described in 

Materials and Methods.  SKOV3 cells were serum starved for 24 hours, then stimulated 

with increasing doses of LPA, serum free media alone, or 10% FBS for 10 minutes The 

results indicate that stimulation with LPA results in an increase 
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Figure 17: LPA induces phosphorylation of JNK (Time-response) 
 
7 x 105 SKOV3 cells were seeded and allowed to adhere overnight in media containing 
10 % FBS.  After washing twice with PBS, cells were serum-deprived for 24 hours.  
Cells were then stimulated with 5 µM LPA for the indicated timepoints.  Lysates (50 µg) 
were collected and subjected to immunoblot analysis using an antibody to phosphorylated 
JNK.  The blot was stripped and reprobed with an antibody to total JNK as a loading 
control, as detailed in Materials and Methods. The experiment was repeated 7 times, and 
a representative immunoblot is presented. 
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 in JNK activity as indicated by an increase in the phosphorylation of GST-c-Jun(1-79) 

(Figure 18; lanes 2, 3, 4) as compared to the unstimulated control (lane 1).  Increased 

levels of JNK kinase activity were induced with as little as 200 nM LPA.  Stimulation 

with higher concentrations of LPA (2 µM and 20 µM) did not appear to induce a greater 

magnitude of JNK phosphorylation.  This suggests that the JNK response plateaus with a 

low concentration of LPA, similar to the results observed with the phosphorylated JNK 

immunoblot analysis.  Taken together, the results of these studies indicate for the first 

time, that LPA stimulation induces the phosphorylation and kinase activity of JNK in 

ovarian cancer cells.   

  

4.4:  LPA DOES NOT ACTIVATE p38MAPK 

 The p38MAPK module is activated by cellular stressors and inflammatory 

cytokines (Dhillon et al 2007).  This module is known to be regulated both positively and 

negatively by multiple G proteins in a cell-type dependent manner (Kramer et al., 1995; 

Krump et al., 1997;  Yamauchi et al., 1997;  Zheng et al 2000;  Dermott et al 2004).  

However, the role of p38MAPK signaling in the LPA response in ovarian cancer cells 

has yet to be fully established.  We screened for the activation of p38MAPK in response 

to LPA by immunoblot analysis.  SKOV3 cells were serum starved for 24 hours, then 

stimulated with increasing doses of LPA, or serum free media alone.  200 mM sorbitol, a 

hyperosmotic stressor known to activate p38MAPK (Kang et al., 2006) was used as a 

positive control.  The levels of phosphorylated p38MAPK was determined by 

immunoblot analysis.  The results indicate no significant phosphorylation of p38 MAPK 

with any concentration of LPA (Figure 19; lanes 3, 4, 5).  There was a significant  
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Figure 18: LPA induces activation of JNK kinase activity 
 
7 x 105 SKOV3 cells were seeded and allowed to adhere overnight in media containing 
10 % FBS.  After washing twice with PBS, cells were serum-deprived for 24 hours. 10 % 
FBS.  After washing twice with PBS, cells were serum-deprived for 24 hours.  Cells were 
then stimulated for 10 minutes with serum-free media alone (unstimulated control), 10 % 
FBS, or LPA at the indicated concentration.  Lysates (250 µg) were collected and 
subjected to solid-phase kinase assay performed using GST-conjugated c-jun (79 base-
pairs) substrate for JNK and [γ-32 P]-ATP as detailed in Materials and Methods.  JNK 
kinase activity was determined based on levels of phosphorylated GST-c-Jun (1-79) as 
presented. The experiment was repeated 3 times, and a representative autoradiograph is 
presented. 
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Figure 19: LPA does not induce significant p38MAPK phosphorylation 
 
7 x 105 SKOV3 cells were seeded and allowed to adhere overnight in media containing 
10 % FBS.  After washing twice with PBS, cells were serum-deprived for 24 hours.  
Cells were then stimulated for 10 minutes with serum-free media alone (unstimulated 
control), 200 mM sorbitol as a positive control, or LPA at the indicated concentration.  
Lysates (50 µg) were collected and subjected to immunoblot analysis using an antibody 
to phosphorylated p38MAPK.  The blot was stripped and reprobed with an antibody to 
total p38MAPK as a loading control, as detailed in Materials and Methods. The 
experiment was repeated 4 times, and a representative immunoblot is presented. 
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expression level of p38MAPK in the SKOV3 cells as indicated by the levels of total 

p38MAPK.  In addition, there  was an observed increase in levels of phosphorylated 

p38MAPK in the positive control (lane 1).  These results suggest that p38MAPK is not 

phosphorylated by low micromolar concentrations of LPA in SKOV3 cells, as contrasted 

to the response observed with ERK and JNK MAPKs.  

 

4.5:  THE ROLE OF ERK AND JNK SIGNALING IN THE    

  PROLIFERATIVE RESPONSE TO LPA 

4.5.1:  Inhibition of ERK and JNK activation 

 With the proliferative response (Chapter 3) and activation of ERK and JNK thus 

observed with LPA, the role of these MAPK modules in mediating the proliferative 

response to LPA was next investigated.  To accomplish this, the small molecules 

PD98059 and SP600125 were used to inhibit ERK and JNK signaling respectively.   

PD98059 has been characterized as an inhibitor of the upstream MAP2K MEK (Dudley 

et al., 1995).  SP600125 is an inhibitor of JNK, as well as the upstream MAP2Ks MKK4 

and MKK6 (Bennett et al., 2001).  An immunoblot approach was used to verify the 

inhibition of ERK and JNK signaling in the SKOV3 cell system,.  7 x 105 SKOV3 cells 

were serum starved for 24 hours, then pre-treated for 2 hours with 20 µM PD98059, 20 

µM SP600125, or equal volume of DMSO as a vehicle control.  These concentrations had 

been previously shown to inhibit LPA-induced upregulation of Cox-2 and Fas-L (Meng 

et al., 2004;  Symowicz et al., 2005).  The cells were then stimulated with 20 µM LPA 

for 10 minutes, and the phosphorylation status of ERK and JNK was determined by  
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Figure 20: Specific inhibition of ERK and JNK phosphorylation by LPA  

7 x 105 SKOV3 cells were seeded and allowed to adhere overnight in media containing 
10 % FBS.  The cells were then pre-treated for 2 hours with 20 µM PD98059, 20 µM 
SP600125, or equal volume of DMSO as a vehicle control, following 24 hours serum-
deprivation.  The cells were then stimulated with 20 µM LPA or serum-free media alone 
as a control, for 10 minutes.  The phosphorylation status of ERK and JNK was 
determined in each sample by immunoblot analysis as described in Materials and 
Methods. The experiment was repeated 3 times, and a representative immunoblot is 
presented. 
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immunoblot analysis.  As anticipated, the results indicate complete inhibition of the ERK 

module by treatment with the MEK inhibitor PD98059 (Figure 20; lane 3) and complete 

inhibition of the JNK module with the JNK/MKK4/7 inhibitor SP600125 (lane 4).  The 

inhibitory effect of each compound at these concentrations was specific for its target 

kinase, without significant cross-reaction.   

 

4.5.2:  ERK inhibition attenuates the growth response to LPA 

 Next to determine the role of ERK signaling in the proliferative response to LPA, 

a series of proliferation assays were carried out.  2.5 x 104 SKOV3 cells were seeded, 

serum-deprived for 24 hours, pre-treated for 2 hours with 20 µM PD98059 or equal 

volume of DMSO as a vehicle control, and then stimulated with 20 µM LPA, or serum-

free media as a control.  Cell number in the triplicate samples was determined every 24 

hours using the crystal violet assay.  The results demonstrate that the MEK inhibitor 

results in an attenuated growth response to LPA, as compared to LPA incubated with the 

vehicle control (Figure 21 A).  In order to quantify this inhibitory response, the data was 

expressed as a percentage of the net increase in number of cells in the final timepoint 

(Figure 21 B). These data indicate that the MEK inhibitor resulted in a 54% inhibition in 

the growth response to LPA, which was a statistically-significant response (P = 0.009). 

 To further characterize the role of ERK signaling in the proliferative response to 

LPA, the dose-response of the PD98059 compound was determined using the XTT assay.  

For these experiments, 5 x 103 SKOV3 cells were seeded, serum-deprived for 24 hours, 

pre-treated for 2 hours with 10, 20, or 40 µM of PD98059 or DMSO as a vehicle control, 

and then stimulated with 20 µM LPA, or serum-free media as a control.  The growth  
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Figure 21: ERK inhibition attenuates the growth response to LPA 
 

(A): 2.5 x 104 SKOV3 cells were plated in triplicate in 12-well culture dishes, allowed to 
adhere overnight, serum-deprived for 24 hours, pre-treated for 2 hours with 20 µM 
PD98059 or equal volume of DMSO as a vehicle control, and then stimulated with 20 
µM LPA, or serum-free media as a control.  Triplicate samples were formalin fixed  at 0, 
24, and 48 hours, and stained with crystal violet.  The absorbance of the dye extracts is 
plotted as Mean + SEM (n = 3).  (B): The absorbance of control-treated and PD98059-
treated LPA-stimulated cells after is expressed as a percentage of the total proliferative 
response after 48 hours.  (C): 5 x 103 SKOV3 cells were plated in triplicate in 96-well 
culture dishes, serum-deprived for 24 hours, pre-treated for 2 hours with 10, 20, or 40 µM 
of PD98059 or DMSO as a vehicle control, and then stimulated with 20 µM LPA, or 
serum-free media as a control.  After 24 hours incubation, the samples were processed 
using the XTT kit as described in Materials and Methods.  The fluorescence is plotted for 
each condition as Mean + SEM (n = 3). 

 

A: 

B: C: 
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response was determined after 24 hours stimulation using the XTT assay as described in 

Materials and Methods.  The results indicate an increasing growth-inhibitory effect with 

increasing concentrations of the MEK inhibitor (Figure 21 C).  Taken together, these 

results indicate a critical role for ERK signaling in the proliferative response to LPA in 

ovarian cancer cells. 

  

4.5.3:  JNK inhibition attenuates the growth response to LPA 

 JNK signaling is classically associated with cellular stress responses.  However, a 

role for this MAPK has emerged in oncogenesis, including a determinant role in lung 

cancer (Heasley and Han, 2006;  Khatlani et al., 2006).  The role of JNK signaling in 

mediating the proliferative response to LPA in ovarian cancer has yet to be established.  

To investigate this SKOV3 cells were seeded, serum-deprived for 24 hours, pre-treated 

for 2 hours with 20 µM SP600125 or equal volume of DMSO as a vehicle control, and 

then stimulated with 20 µM LPA, or serum-free media as a control.  Cell number in the 

triplicate samples was determined every 24 hours using the crystal violet assay.  The 

results demonstrate that the JNK inhibitor results in an attenuated growth response to 

LPA, as compared to LPA incubated with the vehicle control (Figure 22 A).  In order to 

quantify this inhibitory response, the data was expressed as a percentage of the net 

increase in number of cells in the final timepoint.  These data indicate that the JNK 

inhibitor resulted in a 28 % inhibition in the growth response tp LPA (Figure 22 B), 

which was a statistically-significant response (P = 0.0272).    

 



86 

                    

0 10 20 30 40 50 60
0

1

2

serum-free

LPA
LPA + DMSO
LPA + SP600125

*

*

Time (hours)
 

      

% Proliferation

LPA+DMSO LPA+SP600125

0

25

50

75

100

*

control DMSO 10uM 20uM 40uM
0.0

0.1

0.2

0.3

0.4

LPA  

Figure 21: JNK inhibition attenuates the growth response to LPA 
 

(A): 2.5 x 104 SKOV3 cells were plated in triplicate in 12-well culture dishes, allowed to 
adhere overnight, serum-deprived for 24 hours, pre-treated for 2 hours with 20 µM 
SP600125 or equal volume of DMSO as a vehicle control, and then stimulated with 20 
µM LPA, or serum-free media as a control.  Triplicate samples were formalin fixed  at 0, 
24, and 48 hours, and stained with crystal violet.  The absorbance of the dye extracts is 
plotted as Mean + SEM (n = 3).  (B): The absorbance of control-treated and SP600125-
treated LPA-stimulated cells after is expressed as a percentage of the total proliferative 
response after 48 hours.  (C): 5 x 103 SKOV3 cells were plated in triplicate in 96-well 
culture dishes, serum-deprived for 24 hours, pre-treated for 2 hours with 10, 20, or 40 µM 
of SP600125 or DMSO as a vehicle control, and then stimulated with 20 µM LPA, or 
serum-free media as a control.  After 24 hours incubation, the samples were processed 
using the XTT kit as described in Materials and Methods.  The fluorescence is plotted for 
each condition as Mean + SEM (n = 3). 
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 To further characterize the role of JNK signaling in the proliferative response to 

LPA, the dose-response of the SP600125 compound was determined using the XTT 

assay.  For these experiments, SKOV3 cells were seeded, serum-deprived for 24 hours, 

pre-treated for 2 hours with 10, 20, or 40 µM of SP600125 or DMSO as a vehicle control, 

and then stimulated with 20 µM LPA, or serum-free media as a control.  The growth 

response was determined after 24 hours stimulation using the XTT assay as described in 

Materials and Methods.  The results indicate an increasing growth-inhibitory effect with 

increasing concentrations of the SP600125 inhibitor  (Figure 22 C).  Taken together, 

these results indicate a novel role for JNK signaling in the proliferative response to LPA 

in ovarian cancer cells.  

 

4.6:    DISCUSSION 

 The studies presented here demonstrate that the ERK and JNK modules are 

activated by LPA, and contribute to the proliferative response to LPA.  ERK 

phosphorylation was stimulated by LPA (Figures 13 and 14).  Increased levels of 

phosporylated ERK were observed with as little as 200 nM LPA.  Stimulation with 2 µM 

and 20 µM LPA resulted in maximum levels of phosphorylated ERK.  These data 

indicated that the ERK module is responsive to low concentrations of LPA, and is 

maximally phosphorylated by physiologic concentrations of LPA.  These data are 

consistent with previous reports of ERK activation in ovarian cancer cell lines (Baudhuin 

et al., 2002;  Budnick et al., 2004;  Meng et al., 2005).  The time-course studies revealed 

that ERK is phosphorylated within 5 minutes stimulation with 5µM LPA.  Increased 

levels of phosphorylated ERK were observed at 10 and at 30 minutes of LPA stimulation.  
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By 90 minutes, the levels of phosphorylated ERK were reduced back to baseline.  This 

indicates rapid and sustained activation kinetics in response to LPA.  An analysis of the 

immunoblot suggests that both p42 ERK1 and p44 ERK2 were responsive to LPA 

stimulation, with maximum phosphorylation of the p44 ERK2 isoform (Figure 14; 

doublet band).  LPA also stimulated ERK kinase activity (Figure 15).  An increase in the 

ERK kinase activity was stimulated with 2µM, and to a greater magnitude with 20 µM 

LPA.  Taken together, these data indicate that LPA stimulates the ERK module.  It is 

likely that this signaling response is mediated by sequential activation of upstream 

MAP3K and MAP2K components, as have been characterized in other cell systems 

(Minden and Karin, 1997; Dhanasekaran & Reddy, 1998;  Davis, 2000; Chang and Karin, 

2001)    

 JNK phosphorylation was also stimulated by LPA (Figures 16 and 17).  Increased 

levels of phosphorylated JNK were stimulated with as little as 200 nM LPA.  Stimulation 

with higher concentrations of LPA (2 µM and 20 µM) did not appear to induce a greater 

magnitude JNK phosphorylation.  The time-course studies revealed that JNK is 

phosphorylated within 5 minutes stimulation with 5µM LPA.  The JNK response 

appeared to peak at 10 minutes.  By 30 minutes, the levels of phosphorylated JNK had 

begun to decrease, and levels were back to baseline by 90 minutes.  This suggests a more 

rapid response profile to LPA, with maximal phosphorylation occurring more transiently 

than that observed with ERK.  LPA also stimulated JNK kinase activity (Figure 18). 

Increased levels of JNK kinase activity were induced with as little as 200 nM LPA.  

Stimulation with higher concentrations of LPA (2 µM and 20 µM) did not appear to 

induce a greater magnitude JNK phosphorylation.  This suggests that the JNK response 
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plateaus with a low concentration of LPA, similar to the results observed with the 

phosphorylated JNK immunoblot analysis.  It is interesting to note that studies using 

MEFs from LPAR knockout mice suggest LPA1 and LPA2 function redundantly to 

mediate JNK activation by LPA (Contos et al., 2002).  Both LPA1 and LPA2, as well as 

LPA3, are expressed in the SKOV3 cells (Figure 2, 3). 

 The ERK and JNK signaling responses are mediated by sequential activation of 

specific upstream MAP3K and MAP2K components (Minden and Karin, 1997; 

Dhanasekaran & Reddy, 1998;  Davis, 2000; Chang and Karin, 2001)   Given this, it was 

interesting to observe an absent p38 MAPK response to LPA (Figure 19).  This suggests 

a differential activation of the upstream MAP3K and MAP2K components.  It is 

interesting to note here that individual G proteins are known to differentially regulate 

MAP2Ks.  Specifically, Gα12 has been shown to activate the JNK-specific MKK7, while 

inhibiting the p38 MAPK upstream components MKK3 and MKK4 (Dermott et al., 

2004).  The differential activation of ERK and JNK, but not p38 MAPK, may therefore 

be consistent with activation of Gα12 by LPA.  

 The small molecule antagonists PD98059 and SP600125 were used to inhibit the 

activation of the ERK and JNK pathways (Figure 20).  PD98059 is an ATP-competitive 

inhibitor of the ERK-specific MAP2K MEK (Dudley et al., 1995).  SP600125 is an ATP-

competitive inhibitor of JNK itself, as well as the upstream MAP2Ks MKK4 and MKK7 

(Bennett et al., 2001).  The activity of these inhibitors on MEK and MKK4/7 was verified 

in the SKOV3 cells using immunoblot analysis to phosphorylated ERK and 

phosphorylated JNK, respectively.  The concentrations used for these experiments were 

chosen based on previous studies indicating inhibition of ERK- and JNK-dependent 
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responses to LPA (Meng et al., 2004; Symowicz et al., 2005).  The results indicated 

complete inhibition of the ERK and JNK module using 20 µM of each compound.  In 

addition, there was no significant cross-reaction effect to the opposite MAPK module at 

these concentrations. 

 Inhibition of the ERK pathway resulted in a robust attenuation of the growth 

response to LPA (Figure 21 A).   Quantification of this response indicated a 54% 

inhibition in the growth response to LPA (Figure 20 B), which was a statistically-

significant difference comared to control-treated cells (P = 0.009).  The inhibitory effect 

of the compound occurred in a dose-dependent manner (Figure 21 C).  Taken together, 

these series of experiments have demonstrated role for ERK signaling in mediating the 

proliferative response to LPA.  ERK signaling has been well characterized as a crucial 

regulator of growth-factor induced proliferation in multiple cell systems (Fanger et al., 

1997;  Minden and Karin 1997;  Dhanasekaran and Reddy 1998;  Gutkind 1998; 

Garrington and Johnson 1999;  Davis, 2000;  Chang and Karin, 2001; Bradham and 

McClay, 2006; Dhillon et al., 2007).  However, the contribution of this signaling pathway 

to the proliferative response in LPA had yet to be established.   

 It was especially interesting to observe that inhibition of the JNK pathway 

resulted in an attenuated growth response to LPA (Figure 21 A).   Quantification of this 

response indicated a 28 % inhibition in the growth response to LPA (Figure 22 B), which 

was a statistically-significant difference compared to control-treated cells (P = 0.0272).  

The inhibitory effect of the compound occurred in a dose-dependent manner (Figure 22 

C).  Taken together, these series of experiments have demonstrated novel role for JNK 

signaling in mediating the proliferative response to LPA.  While traditionally associated 
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with stress-response signaling, JNK has also been shown to be activated by specific 

growth factors (Heasley and Han, 2006). Recently, JNK has been found to play a 

determinant role in lung cancer (Khatlani et al., 2006).  Moreover, JNK signaling has 

been implicated in neoplastic transformation by Gα12 (Prasad et al., 1995; Voyno-

Yasenetskaya et al., 1996; Collins et al., 1996; Mitsui et al., 1997; Nagao et al., 1999; 

Arai et al., 2003; Marinissen et al., 2003). Therefore, the observation that JNK signaling 

contributes to the proliferative response to LPA constitutes a novel contribution to the 

field. 
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CHAPTER 5 

 

THE ROLE OF Gα12 SIGNALING IN LPA-INDUCED PROLIFERATION 

 

5.1:  INTRODUCTION 

 Gα12 signaling in response to different ligands has been linked to cell 

proliferation and migration in many cell types.  However its role in mediating the 

proliferative response to LPA in ovarian cancer cells has yet to be investigated.  

Activating mutations of G12 are the most potent in inducing transformation of all the α-

subunits (Vara Prasad et al 1994).  An important distinction is that ectopic expression of 

even wild-type Gα12 is sufficient to transform NIH3T3 cells, as compared to the other 

transforming α-subunits which require mutational activation to induce transformation 

(Chan et al 1993).  It is important to note here that the transforming potential of wild-type 

Gα12 requires the presence of serum, as serum-deprivation inhibits its ability to confer 

neoplastic transformation of NIH3T3 cells (Chan et al 1993).  The serum-dependence of 

Gα12 is bypassed by the GTPase-deficient, constitutively activated mutant of Gα12 (Xu et 

al 1993).  Taken together, in addition to establishing the potent transforming potential of 

Gα12, these results suggest that growth-promoting pathways induced by Gα12 are 

regulated by factors present in the serum (Dhanasekaran et al 1998).  In this context it is 

interesting to note that serum contains LPA and LPA-like molecules that can potentially 

stimulate Gα12 via their cognate receptors (Radhika et al., 2005). 

 LPA has been shown to signal through a family of seven-transmembrane G-

protein coupled receptors (An et al 1997; An et al 1998; Bandoh et al 1999).  In 
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fibroblast cell lines, LPA signaling has been linked to the activation of Gq and Gi 

(Moolenaar 1995; Fischer et al 1998; Goetzl et al 1999; Mills and Moolenaar 2003; 

Anliker and Chun 2004).  Although the relatively weak mitogenic activity of Gq and Gi, 

points to the critical role of Gα12 in LPA-mediated proliferative response, evidence to 

link LPA-LPAR to Gα12 has been lacking until recently.  Although, previous studies have 

provided indirect evidence linking LPA stimulation to G12-associated to Rho-mediated 

stress fiber formation (Moolenaar 1995),  results from our lab have recently demonstrated 

the role of LPA in stimulating Gα12 and the possible role of such stimulation in Gα12-

mediated proliferation of NIH3T3 cells (Radhika et al 2005).  Based on these findings, it  

is hypothesized here that the proliferative response to LPA in ovarian cancer cells is 

mediated by G12 signaling.  To test this hypothesis , a strategy based on the expression of 

dominant negative mutant of Gα12 in ovarian cancer cell lines was developed and the 

ability of LPA to stimulate proliferative response in these cell lines were analyzed.  

 

5.2:  ESTABLISHMENT OF CT12 STABLE CLONES 

 To investigate the role of Gα12 signaling in the proliferative response to LPA, a 

series of novel ovarian cancer cell lines were established which express a dominant 

negative form of Gα12.  Based on the observation that C-terminal region of G proteins are 

critical for interactions with cognate receptors (Gilchrist et al 1998), the dominant 

negative mutant of Gα12 was constructed as a mini-gene consisting of a thirteen amino 

acid spanning sequence from the C-terminus of Gα12, (Gilchrist et al 2001) (Figure 23).  

The mechanism of action of these constructs involves competitive inhibition of GPCR-G 

protein interaction  (Gilchrist et al 2001).  Such a dominant negative mutant of Gα12  
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Figure 23: Amino acid sequences of the CT12 and CT13 constructs 
 
The amino acid sequences for the CT12 and CT13 constructs are shown.  These 
constructs were constructed by PCR methods and shuttled into pcDNA3.1 expression 
vector containing neomycin-resistance gene.  The red color denotes divergent amino 
acids.  Black color denotes amino acids similar in charge.   
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(referred here as CT12 was constructed by PCR methods (Jayaraman and Dhansekaran, 

unpublished results) and shuttled into pcDNA3.1 expression vector containing neomycin-

resistance gene and hemagglutinin epitope (HA) tag.  This plasmid, as well as an empty 

vector control plasmid, were transfected into SKOV3 cells using the FuGene 6 reagent as 

described in Materials and Methods.  The transfectants were subjected to a G418 

selection protocol as described.     

Four SKOV3-CT12 clones were screened for stable expression of the HA-tagged 

CT12 construct by immunoblot analysis.  Lysates from Cos-7 cells, transfected with the 

pcDNA3.1-CT12 plasmid was used as a positive control.  Based on the amino acid length 

of the CT cassette and epitope tag the molecular weight of the HA-tagged CT12 construct 

was estimated to be 10 kD.   To resolve this low molecular weight products, the lysates 

were separated using 15 % SDS-PAGE and transferred to 0.2 µm PVDF membrane as 

described in Materials and Methods.  The results of immunoblot analysis using an anti-

HA antibody, along with GAPDH as a loading control are shown (Figure 24 A).  The 

results of this screening indicate that three of the four clones tested (Clones 1, 2, and 11) 

express the CT12 construct, as indicated by a HA-reactive band in the region of 10 kD, 

corresponding to that observed in the positive control.  These three HA-tag expressing 

clones were selected and expanded for the following studies.  In addition, stable cell lines 

containing the dominant negative minigene for Gα13, termed CT13, were established in a 

similar fashion.  The expression of the CT13 construct was verified by immunoblot 

analysis as described above (Figure 24 B) 
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Figure 24: Expression of CT12 and CT13 constructs in stable cell lines 
 
SKOV3 cells were transfected with HA-tagged CT12 (Panel A) or CT13 (Panel B) and 
stable clones selected as described in Materials and Methods.  Lysates (250 µg) from the 
clones, as well as lysates from Cos-7 cells transfected with the identical plasmid as a 
positive control, were collected, separated by 15% SDS-PAGE and subjected to 
immunoblot analysis using antibodies specific to HA and GAPDH as a loading control. 
The experiment was repeated 3 times, and representative immunoblots are presented. 
 
 

A: 

B: 
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5.3:  CHARACTERIZING THE INHIBITORY EFFECT ON Gα12 IN  

  CT12 CELLS 

5.3.2:   The CT12 construct results in specific inhibition of Gα12 activation  

  by LPA 

  Next, in order to verify the inhibitory effect of the CT12 construct, we focused on 

monitoring the activation status of Gα12 in the SKOV3 cell system.  In order to determine 

the activation of Gα12 in response to LPA the glutathione S-transferase (GST)-fused TPR 

domain of PP5 (GST-TPR) binding assay was used.  This reagent makes use of the 

observation that the activated forms of Gα12 and Gα13 bind to the tetratricopeptide repeat 

(TPR) domain of the Ser/Thr phosphatase type 5, or PP5 (Yamaguchi et al 2002, 2003).  

Based on this observation, it has been demonstrated that the interaction between GST-

TPR and activated Gα12 or Gα13 can be used to determine the activation status of either of 

these α-subunits (Yamaguchi et al 2003).  Therefore, this assay was used to determine 

the activation of  Gα12 in response to LPA, and to verify the inhibitory effect of the CT12 

construct in LPA-mediated activation of Gα12 in  the stable cell lines . 

For these studies, CT12 and vector control (pcDNA3) SKOV3 cells were serum-

deprived for 24 hours and then stimulated with 20 µM LPA or serum-free media control 

for 1 minute (Figure 25).  Cos-7 cells transfected with a mutationally-active form of Gα12 

(Gα12QL) were included as a positive control.  Lysates from these cells were prepared 

and the clarified lysates were subjected to the GST-TPR pulldown, followed by 

immunoblot analysis using antibody to Gα12, as described in Materials and Methods.  

The results of this assay clearly show that LPA induces a robust activation of Gα12, as 

indicated by the increased level of Gα12 pulled down by the GST-TPR in the LPA-  
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Figure 25: LPA activates Gα12; Complete inhibition by CT12 
 
The GST-TPR assay was used to monitor the levels of activated Gα12 in the SKOV3-
CT12 system in response to LPA.  Stable cell lines expressing dominant negative Gα12 
(CT12) or empty vector (pcDNA3) were stimulated with 20 µM LPA or unstimulated 
control for 1 minute.  Lysates (500 µg) from these cells, as well as Cos-7 cells transfected 
with constitutively active Gα12 (Gα12QL) for positive control, were incubated with 30 µL  
of 50% GST-TPR beads for 4 hours.   Following this pull-down, the 15% SDS-PAGE 
and subjected to immunoblot analysis using antibodies specific to Gα12 and a loading 
control. The experiment was repeated 3 times, and a representative immunoblot is 
presented. 
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stimulated (lane 4) versus unstimulated (lane 2) vector-control SKOV3 cells.  This 

demonstrates, for the first time, that LPA directly activates Gα12 in ovarian cancer cells.  

In addition, the results of this assay indicate that LPA-mediated stimulation of 

Gα12 is completely inhibited in SKOV3-CT12 cells (lane 5).  This serves to verify 

functional expression of the CT12 construct in the SKOV3-CT12 cell line, in which the 

stable expression of the CT12 construct resulted in complete inhibition of activation of 

endogenous Gα12 by LPA.  Thus, these results validate the SKOV3-CT12 system for 

investigating the role of Gα12 signaling in the oncogenic response to LPA in ovarian 

cancer cells. 

Next, we sought to determine the specificity of the CT12 construct for inhibiting 

Gα12 and not the related Gα13.  For these studies, CT12 and vector control cells were 

stimulated with LPA as described above.  To monitor the activation status of Gα13, the 

samples were subjected to the GST-TPR pulldown, followed by immunoblot analysis 

using antibody to Gα13 (Figure 26).  The results show that LPA also induces activation of 

Gα13, as indicated by the increased level of Gα13 pulled down by the GST-TPR in the 

LPA-stimulated (lane 4) versus unstimulated (lane 2) vector-control SKOV3 cells.  

Notably, the levels of activated Gα13 were not significantly attenuated by the CT12 

construct (lane 5).  These data suggest that the inhibitory effect of the CT12 construct is 

specific to Gα12 and does not significantly inhibit activation of the related Gα13. 
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Figure 26:  CT12 construct does not inhibit activation of Gα13 

 
The GST-TPR assay was used to monitor the levels of activated Gα13 in the SKOV3-
CT12 system in response to LPA.  Stable cell lines expressing dominant negative Gα12 
(CT12) or empty vector (pcDNA3) were stimulated with 20 µM LPA or unstimulated 
control for 1 minute.  Lysates (500 µg) from these cells, as well as Cos-7 cells transfected 
with constitutively active Gα13 (Gα13QL) for positive control, were incubated with the 
GST-TPR construct for 4 hours.   Following this pull-down, the 15% SDS-PAGE and 
subjected to immunoblot analysis using antibodies specific to Gα13 and a loading control. 
The experiment was repeated 3 times, and a representative immunoblot is presented. 
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5.4:    CHARACTERIZING THE ROLE OF Gα12 IN LPA-INDUCED  

  MIGRATION 

 With the expression and dominant negative activity of the CT12 construct thus 

established, its functional activity was next verified by monitoring an established cellular 

response to LPA.  LPA has been well-characterized as a pro-migratory factor in ovarian 

cancer cells (Fishman et al 2001, Sawada et al 2002, So et al 2004). Moreover, Gα12 and 

Gα13 signaling have recently been shown to be involved in the migratory response to 

LPA in ovarian cancer cells (Bian et al 2006).  Therefore, in order to document 

functional inhibition of the LPA- Gα12 pathway in our system, the migratory response to 

LPA using the CT12 cells was monitored.   

 For these studies, the migratory response to LPA was determined in vector control 

(pcDNA3), SKOV3-CT12, as well as SKOV3-CT13 cells using the transwell migration 

assay (Figure 27 A) as described in Materials and Methods.  Similar to the previous 

results with the in vitro wound healing assay, these results demonstrate that LPA induces 

a potent migratory response in the vector control cells.  Furthermore, this response was 

significantly attenuated in both the CT12 as well as CT13 cell lines.  These data were 

quantified by enumerating the number of migrated cells in three randomly selected high-

powered fields at the conclusion of the 24-hour experiment (Figure 27 B).  This analysis 

revealed a reduction in LPA-induced migration in the CT12 cells that was greater than 7-

fold compared to the vector control cells.  This was a statistically-significant response (P 

= 0.0042).  A similar magnitude of inhibition was observed with the SKOV3-CT13 cells.  

These results are consistent with previous reports suggesting a role for both Gα12 and 

Gα13 signaling in the migratory response to LPA in ovarian cancer cells (Bian et al  
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Figure 27: CT12 and CT13 attenuate the migratory response to LPA 

 
(A): 5 x 104 vector control (pcDNA3), CT13 or CT12 cells were seeded into top bottom 
chamber of a TransWell plate.  The bottom chamber was filled with serum free media 
alone, or containing 20 µM LPA.  The chambers were separated with a PET membrane 
with 8.0 µm pores. The cells were incubated for 24 hours.  Non-migrating cells on the 
proximal side of the inserts were removed with a cotton swab and the migrated cells on 
the distal side of the insert were fixed and stained with Hemacolor.  Images were 
obtained of random fields of view at 100X magnification.  The images shown are 
representative of three independent experiments, each performed with triplicate fields of 
view.  (B): The data was quantified and expressed as a fold-increase compared to the 
number of migrated cells in the unstimulated vector control cells (plotted as Mean + SEM 
(n = 3). 
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.   
2006). Most importantly, this verifies functional inhibition of the migratory effect of LPA 

by the CT12 construct. 

 

5.5:    CHARACTERIZING THE ROLE OF Gα12 IN OVARIAN CANCER 

  CELL PROLIFERATION 

5.5.1:  Gα12 signaling mediates the growth response to serum 

 Next the role of Gα12 in regulating the growth of ovarian cancer cells was 

interrogated using the CT12 strategy.  Given the strong transforming potential of wild-

type and mutationally-activated Gα12 (Chan et al 1993; Xu et al 1993; Jiang et al 1993, 

Jiang et al 1993, Voyno-Yasenetskaya et al 1994, Vara Prasad et al 1994, Gutkind et al 

1998) there is a strong interest in determining the role of this G protein on the 

proliferation of human cancer cells. As the transforming potential of wild-type Gα12 

requires the presence of serum (Chan et al 1993), and this serum-dependence of Gα12 is 

bypassed by the GTPase-deficient mutant of Gα12 (Xu et al 1993), it has been 

hypothesized that serum contains mitogenic factors which contribute to cell growth via 

Gα12 –dependent signaling pathways (Dermott et al., 2002). The CT12-based strategy is 

uniquely suited to directly investigate the role of Gα12 on cell proliferation.  To test this, 

a series of proliferation assays was carried out using the SKOV3-CT12 and control cells 

in the presence of serum. 

 SKOV3-CT12 cells from three independent clones (clones #1, 2, and 11) were 

included for these studies.  For comparison, empty vector pcDNA3 as well as parental 

(WT) SKOV3 cells were included as controls.  An equal number of cells were seeded, 

serum-deprived for 24 hours, and then incubated in the presence of 10% fetal bovine 
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serum, and enumerated every 24 hours for the 72-hour experiment (as described in 

Materials and Methods).  As shown in the results (Figure 28), the growth profile of the 

SKOV3 cells stably transfected with the pcDNA3 empty vector did not significantly 

differ from the parental wild-type cells. 

 Most notably, inhibition of Gα12 signaling via expression of the CT12 construct 

resulted in an attenuated growth response in each of the CT12-expressing clones (Figure 

28 A). The doubling time of each cell line was calculated from these growth curves 

according to a standard formula (see Materials and Methods).  The SKOV3-CT12 cell 

lines demonstrate an attenuated doubling time as compared to the pcDNA3 and WT 

SKOV3 cells (Figure 28 B).  In order to quantify this inhibitory response, the data was 

expressed as a percentage of the net increase in number of cells in the final timepoint 

(Figure 28 C). These data were used to calculate the percent-inhibition of the LPA-

induced increase in cell number in the CT12 cells as compared to the vector control.  It is 

clear that each of the three CT12 clones demonstrate an attenuated growth response.  

These experiments demonstrate a 35-40% inhibition in cell number after 72 hours 

stimulation with serum in the CT12 cells.  This response was significantly significant for 

each of the CT12 clones as compared to the vector control (P values given in Figure 28).  

Moreover, the magnitude of this response was statistically-identical in each of the three 

clones (P > 0.05), suggesting that the growth inhibitory effects are due to inhibition of 

Gα12 and not due to differences in clonal variation.  Taken together, these results 

demonstrate, for the first time, that Gα12 signaling contributes to the serum-induced 

growth response in ovarian cancer cells. 
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Figure 28: CT12 attenuates the growth response to serum 
2.5 x 104 SKOV3 transfected with the indicated contstruct were seeded in triplicate, 
serum-deprived for 24 hours, and stimulated with 10 % FBS. Triplicate samples were 
fixed at 0, 24, 48, and 72 hours and processed using the crystal violet assay as previously 
described.  The absorbances are plotted as Mean + SEM (n = 3). 

Cell Line Calculated TD (hours) 
pcDNA3 21.6 

WT 22.6 
CT12 #1 26.7 
CT12 #2 25.9 
CT12 #11 25.6 

Cell Line % Inhibition  
(vs. vector control) 

CT12 #1 39.8 (P = 0.0006) 
CT12 #2 35.5 (P = 0.0015) 
CT12 #11 33.8 (P = 0.0031) 



 107 

 Next, to determine if this attenuated mitogenic response to serum is specific to 

Gα12, a proliferation assay was carried out using the SKOV3-CT13 cells.  Unlike the 

CT12 cells, the growth response in each of the three CT13 clones was identical to the 

parental SKOV3 (WT) and vector control (pcDNA3) cells (Figure 29).  T-test analyses 

revealed that the overall growth response as well as the total cell percentage at the final 

timepoint (Figure 29 B) was statistically identical in each of the conditions (P > 0.05).  

These data therefore suggest that Gα12 plays a unique role in mediating growth-

promoting signals.  We therefore focused on Gα12 for the subsequent studies with LPA. 

 

5.6:    CHARACTERIZING THE ROLE OF Gα12 IN LPA-INDUCED  

  PROLIFERATION 

5.6.1:  Gα12 signaling mediates the growth response to LPA 

 Finally, to culminate these studies, a series of proliferation assays were carried out 

to directly determine the role of Gα12 signaling in the proliferative response to LPA. 

Given the strong transforming potential of wild-type and mutationally-activated Gα12 

(Chan et al 1993; Xu et al 1993; Jiang et al 1993, Jiang et al 1993, Voyno-Yasenetskaya 

et al 1994, Vara Prasad et al 1994, Gutkind et al 1998), and the potent activation of Gα12 

by LPA observed in ovarian cancer cells (Figure 25), we hypothesized that Gα12 

signaling is involved in the mitogenic response to LPA in these cells.  Given the ability of  

the CT12 construct to completely inhibit activation of Gα12 by LPA (Figure 25), the 

SKOV3-CT12 cell system is ideally suited to directly interrogate this hypothesis.  To 

accomplish this, a series of proliferation assays were carried out to characterize the 

proliferative response to LPA in the SKOV3-CT12 and control cells. SKOV3-CT12 cells 
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Figure 29: CT13 does not alter the growth response to serum 

2.5 x 104 SKOV3 transfected with the indicated contstruct were seeded in triplicate, 
serum-deprived for 24 hours, and stimulated with 10 % FBS. Triplicate samples were 
fixed at 0, 24, 48, and 72 hours and processed using the crystal violet assay as previously 
described.  The absorbances are plotted as Mean + SEM (n = 3). 

Cell Line % Inhibition  
(vs. vector control) 

CT13 #3 19.07 (P = 0.0893) 
CT13 #8 -3.846 (P = 0.6867) 
CT13 #10 16.18 (P = 0.1608) 
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from three independent clones (clones #1, 2, and 11) were included, along with empty 

vector pcDNA3 and parental (WT) SKOV3 cells as controls. 2.5 x 104 cells were seeded, 

serum-deprived for 24 hours, and then incubated in the presence of 20 µM LPA, and 

enumerated every 24 hours for the 72-hour experiment (as described in Materials and 

Methods).  The results clearly demonstrate that inhibition of Gα12 signaling results in a 

significantly attenuated proliferative response to LPA (Figure 30).  As observed with 

serum-stimulated growth profiles, the response of the pcDNA3 empty vector did not 

significantly differ from the parental wild-type cells, thus verifying that the conditions of 

the clonal-selection and expansion did not significantly alter the inherent growth profile 

of the SKOV3 cells to LPA.  Most notably, the data clearly show that the proliferative 

response to LPA was significantly attenuated in each of the three CT12 clones.  The data 

were used to calculate the observed doubling time in each condition (given in Figure 30). 

As shown, expression of the CT12 construct resulted in a dramatic attenuation of the 

growth response to LPA in each of the CT12 clones. 

 To quantify the magnitude of this growth inhibition, the data was expressed as a 

percentage total cell number at the final timepoint (Figure 30 B).  These data were used 

to calculate the percent-inhibition of the LPA-induced increase in cell number in the 

CT12 cells as compared to the vector control.  These experiments demonstrate a 50-57% 

inhibition in cell number after 72 hours stimulation with LPA in the CT12 cells.  This 

response was significantly significant for each of the CT12 clones as compared to the 

vector control (P values given in Figure 30).  Moreover, the magnitude of this response 

was statistically-identical in each of the three clones (P > 0.05), suggesting that the 

growth inhibitory effects are due to inhibition of Gα12 and not due to differences in clonal 
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Figure 30: CT12 attenuates the growth response to LPA in SKOV3 cells 

2.5 x 104 SKOV3 transfected with the indicated contstruct were seeded in triplicate, 
serum-deprived for 24 hours, and stimulated with 20 µM LPA. Triplicate samples were 
fixed at 0, 24, 48, and 72 hours and processed using the crystal violet assay as previously 
described.  The absorbances are plotted as Mean + SEM (n = 3). 

Cell Line % Inhibition 
(vs. vector control) 

CT12 #1 57.2 (P = 0.0441) 
CT12 #2 49.8 (P = 0.0409) 
CT12 #11 54.0 (P = 0.0442) 
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 variation.  Taken together, these results demonstrate, for the first time, that Gα12 

signaling contributes to the proliferative response to LPA in ovarian cancer cells.  This is 

consistent with the hypothesis that the proliferative response to LPA in ovarian cancer 

cells is mediated by Gα12 signaling.  

 

5.6.2:    The role of Gα12 in LPA-induced proliferation is not cell type specific 

 Finally, it was determined whether the role of Gα12 in LPA-induced proliferation 

of ovarian cancer cells is specific to the SKOV3 cell line.  This was investigated by 

expressing the CT12 construct into additional ovarian cancer cell lines.  Given the 

aggressive nature of ovarian cancer, and the observation that the majority of patients 

present with metastatic disease (Stage III or IV) at the time of diagnosis (Jemal et al., 

2007).  Because of this, there is a paucity of cell lines established from patients with early 

stage disease.  All of the cell lines used in this thesis were established from patients with 

metastatic ovarian adenocarcinoma (Fogh et al 1977; Hamilton et al 1983; Buick et al 

1985; Gebauer et al 2000).  However, there is a recognized spectrum of “aggressiveness” 

across the cell lines included in the panel.   For example, the SKOV3 and HEY cells are 

recognized as being highly aggressive (Fogh et al 1977; Hamilton et al 1983; Buick et al 

1985).  This was reflected in the data presented, indicating a shorter doubling time in 

response to LPA for SKOV3 and HEY as compared to the less aggressive 2008 cells 

(Chapter 3).  Therefore, to pursue these studies, Gα12 signaling was inhibited by stably 

expressing the CT12 in a two additional ovarian cancer cell lines with distinct growth 

characteristics. 
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 The OVCAR-3 line was first selected.  The CT12 construct was expressed in 

these cells, using the identical protocol to that detailed with the SKOV3 cells.  These 

were used to investigate the role of Gα12 signaling in the LPA induced proliferative 

response of these cells.  For these studies OVCAR3-CT12 cells from three independent 

clones (clones #5, 8, and 12) were included, along with empty vector pcDNA3 and 

parental (WT) OVCAR3 cells as controls.  An equal number of cells were seeded, serum-

deprived for 24 hours, and then incubated in the presence of 20 µM LPA, and enumerated 

every 24 hours for the  72-hour experiment (Figure 31).  These experiments reveal that 

the WT and vector control OVCAR3 cells demonstrate slower growth kinetics as 

compared to SKOV3 cells, as  revealed by the longer doubling times (40-43 hours in 

OVCAR3 (Figure 31) versus 33-36% hours n SKOV3 (Figure 30).  In addition, 

expression of the CT12 construct resulted in an attenuated growth response in each of the 

three clones as demonstrated by the prolonged doubling time.  When the data were 

expressed as a percentage of total cell number at the final timepoint to calculate the 

percent-inhibition of the LPA-induced increase in cell number, the CT12 cells 

demonstrate a 36-46% inhibition.  However, it is important to note here that this response 

was not statistically significant in any of the three clones (P > 0.05).  These data suggest 

that while Gα12 may play some role in the proliferative response to LPA in this less 

aggressive cell line, the magnitude of this response is not statistically significant.  This is 

in contrast to the findings in SKOV3 cells which revealed a 50-57% inhibition that 

achieved statistical significance. 
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Figure 31: CT12 does not significantly alter the growth response in OVCAR3 

2.5 x 104 OVCAR3 cells transfected with the indicated construct were seeded in 
triplicate, serum-deprived for 24 hours, and stimulated with 20 µM LPA. Triplicate 
samples were fixed at 0, 24, 48, and 72 hours and processed using the crystal violet assay 
as previously described.  The absorbances are plotted as Mean + SEM (n = 3). 

Cell Line % Inhibition  
(vs. vector control) 

CT12 #5 36.4 (P = 0.1270) 
CT12 #8 45.5 (P = 0.0742) 

 CT12 #12 36.6 (P = 0.0936) 
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 Finally to conclude these studies, the CT12 construct was expressed in a third 

ovarian cancer cell system with a more aggressive growth profile, similar to the SKOV3 

cells.  The aggressive HEY cell line was selected for this, and was used to generate 

CT12-expressing clones.  The clones were transfected, isolated, and expanded according 

to the identical protocol detailed for the SKOV3 cells.  These HEY-CT12 cells from three  

independent clones (clones #1, 4, and 7) were used to investigate the role of Gα12 

signaling in the LPA induced proliferative response of these cells.  An equal number of  

CT12 as well as vector control and wild type cells were seeded, serum-deprived for 24 

hours, and then incubated in the presence of 20 µM LPA, and enumerated every 24 hours 

for the 72-hour experiment (as described in Materials and Methods).  As shown by the 

growth curve, expression of the CT12 construct results in an attenuated growth response 

in the HEY cell line, similar to the trend observed in SKOV3 (Figure 32).  The aggressive 

growth characteristics of HEY are reflected by the short doubling times of the wild type 

and vector control cells (Figure 32; Table).  Despite this, expression of CT12 resulted in a 

prolonged doubling time in each of the three clones.  The data were expressed as a 

percentage total cell number at the final timepoint to calculate the percent-inhibition of 

the LPA-induced increase in cell number in the CT12 cells as compared to the vector 

control.  These experiments demonstrate a 50-65% inhibition of the proliferative response 

in the CT12 cells after 72 hours stimulation with LPA.  This inhibitory effect of CT12 in 

HEY cells is highly similar to that observed in the SKOV3 cells (Figure 30).  Taken 

together, the qualitative and quantitative similarities between the data in SKOV3 and 

HEY suggest that Gα12 signaling plays a similar role in mediating the proliferative 

response to LPA in both cell lines.   
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Figure 32: CT12 attenuates the growth response to LPA in HEY 

2.5 x 104 HEY cells transfected with the indicated contstruct were seeded in triplicate, 
serum-deprived for 24 hours, and stimulated with 20 µM LPA. Triplicate samples were 
fixed at 0, 24, 48, and 72 hours and processed using the crystal violet assay as previously 
described.  The absorbances are plotted as Mean + SEM (n = 3). 
  

Cell Line % Inhibition  
(vs. vector control) 

CT12 #1 50.5 (P = 0.0266) 
CT12 #4 57.8 (P = 0.0125) 
 CT12 #7 67.0 (P = 0.0204) 
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5.7:    DISCUSSION 

 Taken together, these series of experiments demonstrate a novel role for Gα12 in 

mediating the proliferative response to LPA in aggressive ovarian cancer cells.  The data 

indicate that LPA stimulation results in the activation of endogenous Gα12 and Gα13 

using the GST-TPR assay (Figure 25). The results of these GST-TPR assays reveal 

multiple points of significance.  These data demonstrate, for the first time, that LPA 

directly activates Gα12 in ovarian cancer cells. Gα12 activation was observed within 1 

minute of LPA stimulation, consistent with a direct activation via a GPCR-dependent 

mechanism as observed in other cell systems (Radhika et al 2005).  20 µM LPA was 

used, which is within the range found in the ascites of ovarian cancer patients (Xiao et al 

2001).  Moreover, it was previously demonstrated that this concentration of LPA induced 

a significant proliferative response across a panel of ovarian cancer cell lines (as 

presented in Chapter 3).  Thus it is likely that activation of G12-dependent pathways by 

LPA mediate a functional role in ovarian cancer.  

 To test this further, a series of ovarian cancer cell lines that stably express a 

dominant negative form of Gα12 and Gα13 were established (Figures 23 and 24).  

Expression of the CT12 construct resulted in a complete inhibition of Gα12 activation by 

LPA (Figure 25).  Moreover, the CT12 expression did not significantly alter the 

activation status of Gα13 by LPA (Figure 26), indicating the specificity of the CT12 

construct for Gα12.  The CT constructs are believed to function by inhibition of the 

GPCR-G protein interaction (Gilchrist et al 2001), which occurs via the C-terminus of 

GPCRs (Gilchrist et al 1998). Given this, the results indicating that CT12 expression 

completely inhibited activation of Gα12, but not Gα13, by LPA, further define the 
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specificity of this construct.  In addition to the molecular effects of the CT12 construct, 

expression of CT12 significantly attenuated the migratory response to LPA (Figure 27).  

These results were consistent with the role of G12 family members in cell migration, as 

previously reported in a number of cell systems (Radhika et al 2005; Bian et al 2006;), 

and verified functional inhibition of Gα12 signaling in the CT12 system.   

 The SKOV3-CT12 cell line demonstrated unique growth characteristics.   Stable 

expression of CT12 resulted in a viable cell line that has been carried through many 

passages. As shown in the results (Figure 28), the growth profile of the SKOV3 cells 

stably transfected with the pcDNA3 empty vector did not significantly differ from the 

parental wild-type cells.  This verifies that the conditions of the G418-selection and 

expansion of the clones did not significantly alter the inherent growth profile of the 

SKOV3 cells.  However, the CT12-expressing clones did demonstrate a significantly 

attenuatuated the growth-response to serum (Figure 28).  This response was observed in 

multiple independent clones, each demonstrating a similar magnitude of inhibition and 

doubling-times.  It is significant to note that these results are consistent with an 

attenuated growth response, rather than a cytotoxic or growth-arresting effect.  This is 

corresponds with the view that Gα12 signaling pathways mediate the proliferative 

response to crucial ligands present in the serum.  Interestingly, a similar response was not 

observed with CT13 expression (Figure 29).  This suggests a unique role for Gα12 

signaling in mediating the growth response to serum.   

 Most significantly, these experiments clearly demonstrate that inhibition of Gα12 

signaling by expression of the CT12 construct significantly attenuates the proliferative 

response to LPA (Figures 30, 32).  A trend towards growth-inhibition was observed in 
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multiple clones of CT12 expressing cell lines.  In SKOV3 cells, CT12 expression resulted 

in a 50-57% inhibition after 72 hours stimulation with LPA (Figure 30). Similarly, a 

statistically-significant 50-65% inhibition was observed with expression of CT12 in the 

aggressive HEY cells (Figure 32).  In OVCAR3 cells, which demonstrate a less 

aggressive growth profile, expression of CT12 was associated with an attenuated growth 

response, but this did not achieve statistically significance (Figure 31).  It is possible that 

this differential response reflects a unique role of Gα12 signaling in more aggressive 

ovarian cancer cells.  However, a weaker level of CT12 expression in these cells cannot 

be excluded.  Taken together, these series of experiments demonstrate a novel role for 

Gα12 in mediating the proliferative response to LPA  
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

 

 The role of LPA as a novel factor in the genesis and progression of ovarian 

cancers has been well established.  However, the role of LPA-LPAR signaling in 

mediating a proliferative response in ovarian cancer cells, and the putative  G protein 

involved in this response, had yet to be identified.  In this regard, the results presented 

here demonstrating that LPA induces a potent mitogenic response and that this is 

mediated by a signaling mechanism involving Gα12, which has been defined as the gep 

oncogene, is highly significant. 

 

6.1:  THE ONCOGENIC RESPONSE TO LPA IN OVARIAN CANCER  

  CELLS 

 To define the LPA-LPAR signaling components, a series of immunoblot and RT-

PCR analyses were carried out.  These studies demonstrate the expression of multiple 

LPA receptors and Gα-subunits in a representative panel of ovarian cancer cells lines 

(Figures 2, 3, 4).  These studies indicate expression of LPA1 in the ovarian cancer and 

non-malignant ovarian cells; expression of LPA2 in all of the cancer and one of the non-

malignant cells; and expression of LPA3 selectively in the cancer cell lines.  This pattern 

of expression was generally consistent with previous northern blot analyses (An et al., 

1997; Bandoh et al., 1999; Goetzl et al., 1999), although the results presented here 

identified a non-malignant cell line, IOSE, which expresses LPA1 as well as LPA2.  It is 

possible that the immortalization process involved in constructing this cell line has 
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contributed to this observed phenotype.  However, the studies presented here do suggest a 

potential role for LPA3, and a possible role for LPA2, in ovarian cancer pathophysiology.  

An analysis to define the expression profiles of G proteins that can couple to these 

receptors indicated that these cells express the α-subunits of Gi, Gq, Gs, and G12/13.   It 

was interesting to observe higher levels of expression of Gα12 in the SKOV3 and HEY 

cells, which exhibit the most potent proliferative response to LPA, as compared to 2008 

(Figures 9, 10).  Considering the previous observations that Gα12/13 are overexpressed in 

ovarian cancers compared to benign tissue specimens (Gutkind, et al., 1998), the results 

presented here are highly important in suggesting and validating a functional significance 

to such overexpression.   

 As previously stated, the role of LPA-LPAR signaling in ovarian cancer cell 

proliferation, and the candidate G protein(s) involved in this pathway are largely 

unknown.  In testing the hypothesis that LPA potently stimulates different aspects of 

tumorigenesis and progression, initial studies investigated the role of LPA in the 

migration of ovarian cancer cells such as SKOV3.  Results from such analyses indicated 

that stimulation of these cells with physiologically-relevant concentrations of LPA 

resulted in a significant migratory response (Figures 6, 7, 27).  While this observation 

was consistent with previous studies in ovarian cancer cells and other cell systems 

(Fishman et al., 2001; Sawada et al., 2002; Bian et al., 2004), the major focus was to 

assess whether LPA stimulates the proliferation of these cells.     

 The results presented here firmly establish that LPA induces a robust proliferative 

response.  This effect was observed across a panel of three distinct ovarian cancer cell 

lines, using multiple assay procedures including enumeration, crystal violet staining, and 
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a metabolic proliferation assay (Figures 9, 10, 11).  These data were consistent with the 

original report demonstrating a proliferative response to LPA using Hey cells (Xu et al., 

1995).  Since this original report, however, the proliferative response has not been further 

characterized.  Such LPA-mediated stimulation of a mitogenic response is likely to serve 

as a crucial event in the genesis and progression of ovarian cancers, especially in light of 

the recent emergence of LPA as a major factor in ovarian cancer pathophysiology.   

While its role in proliferation has been under-investigated thus far, the findings presented 

here unequivocally establish that LPA functions as a potent mitogen in a panel of ovarian 

cancer cell lines. 

 Given the robust proliferative effect induced in the ovarian cancer cell lines, it 

was striking to observe that this response was absent in the non-malignant ovarian cells  

(Figure 12).  Some groups have speculated that the oncogenic response to LPA is 

explained by overexpression of LPA2/3 in malignant compared to benign ovarian tissues 

(Goetzl et al., 1999; Pustilnik et al., 1999;  Hu et al., 2001;  Hu et al., 2003).  However, 

our data demonstrated that the non-malignant HOSE cells, which express LPA2, did not 

proliferative response to LPA.  This observation suggests that expression of LPA2 is not 

sufficient to confer a proliferative response in the absence of other signals.  Additional 

molecular changes acquired during transformation of ovarian epithelium which underlie 

this proliferative capacity have yet to be defined and need to be investigated further. 

 

6.2:  LPA AND MAPK SIGNALING 

 Studies presented here have also demonstrated that the ERK and JNK signaling 

modules are activated by LPA.  MAPK signaling has been implicated in a number of 
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GPCR-mediated responses in a variety of cell lines (Goldsmith and Dhanasekaran, 2007).  

In the SKOV3 cells, LPA stimulation induced a robust and sustained activation of ERK 

(Figures 13, 14, 15).  While this not surprising, considering the role of ERK in the 

proliferative response to many characterized growth factors, the observation that LPA 

potently stimulates JNK is quite significant.  It is interesting to note that the JNK 

activation response was seen with even lower concentration of LPA, and with maximum 

activation occurring more rapidly than the response observed with ERK (Figures 16, 17, 

18).  It was striking to observe an absent p38 MAPK response to LPA (Figure 19).  This 

suggests a differential activation of the upstream MAP3K and MAP2K components.  

Individual G proteins are known to differentially regulate MAP2Ks.  Specifically, Gα12 

has been shown to activate the JNK-specific MKK7, while inhibiting the p38 MAPK 

upstream components MKK3 and MKK4 (Dermott et al., 2004).  Furthermore, it has 

been suggested that such differential activation of JNK in relation to p38 MAPK is 

involved in Gα12-mediated proliferation (Dermott et al., 2004).  Thus, the differential 

activation of ERK and JNK, but not p38 MAPK, may be indicative of LPA-mediated 

stimulation of Gα12 and subsequent differential regulation of the respective MAP2Ks.  

 As anticipated, inhibition of ERK signaling resulted in a significantly attenuated 

proliferative response to LPA (Figures 20 and 21).  ERK signaling has been well 

characterized as a crucial regulator of growth factor induced proliferation in multiple cell 

systems (Fanger et al., 1997;  Minden and Karin 1997;  Dhanasekaran and Reddy 1998;  

Gutkind 1998; Garrington and Johnson 1999;  Davis, 2000;  Chang and Karin, 2001; 

Bradham and McClay, 2006; Dhillon et al., 2007).  However, the relative contribution of 

this signaling pathway to the proliferative response in LPA had yet to be established. It 
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was especially interesting to observe that inhibition of the JNK pathway also resulted in 

an attenuated growth response to LPA (Figure 22).  While traditionally associated with 

stress-response signaling, JNK signaling has been implicated in neoplastic transformation 

by Gα12 (Prasad et al., 1995; Voyno-Yasenetskaya et al., 1996; Collins et al., 1996; 

Mitsui et al., 1997; Nagao et al., 1999; Arai et al., 2003; Marinissen et al., 2003).  JNK 

has also been shown to be activated by specific growth factors (Vara Prasad, 1995; 

Radhika et al.,2005; Heasley and Han, 2006), and has recently been found to play a 

determinant role in lung cancer progression (Khatlani et al., 2006).  Therefore, the 

observation that JNK signaling contributes to the proliferative response to LPA is novel 

and significant.  Although the role of ERK and JNK signaling in the LPA response was 

characterized in only one cell line (SKOV3), the results have since been verified using 

additional ovarian cancer cell lines (Ha and Dhanasekaran, unpublished observation).  

Therefore, the data presented here suggests that the ERK and JNK signaling modules 

represent major signaling intermediates in the LPA-mediated oncogenic response. 

 

6.3:  Gα12 AND LPA-INDUCED PROLIFERATION 

 It is important to note that the studies presented here establish for the first time 

that Gα12-signaling mediates the proliferative response to LPA in ovarian cancer cells.  

This is consistent with the growth-promoting role of Gα12 in fibroblast and other cell 

systems (Chan et al., 1993; Xu et al., 1993; Jiang et al., 1993; Voyno-Yasenetskaya et 

al., 1994; Vara Prasad et al., 1994; Dhanasekaran et al., 1998; Dhanasekaran et al., 

1998).  While many of these studies have used ectopic expression of mutationally active 

constructs to characterize the growth-promoting effects of Gα12., none of the studies have 
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establishing a role for the activation of endogenous Gα12 in these pathways.  Therefore 

the results presented here demonstrating that endogenous Gα12 is activated by 

physiologic concentrations of LPA, as indicated by the GST-TPR assay (Figure 25; lane 

4). are highly significant. 

 The hypothesis that Gα12 signaling mediates the proliferative response was tested 

using the ability of the dominant negative mutant of Gα12 (CT12) to inhibit the activation 

of endogenous Gα12 by LPA-LPAR.  Expression of CT12 resulted in the complete 

inhibition of Gα12 activation by LPA (Figure 25).  The CT constructs have been 

characterized as specific inhibitors of G protein activation (Gilchrist et al., 1998;  

Gilchrist et al., 2001).  However, given the presumed mechanism of action of these 

constructs that involves the competitive inhibition of GPCR-G protein interaction 

(Gilchrist et al., 2001), it was rather intriguing – although it has been previously shown 

indirectly - that CT12 is specific in its inhibition of LPA-LPAR mediated activation of 

Gα12/13 (Gilchrist et al., 2001).  However, the observation presented here (Figure 26) that  

CT12 specifically inhibits the activation of Gα12 and not Gα13 validates the specificity of 

this reagent.  In supporting this view, the specific role of Gα12 in mediating the 

proliferative effects of LPA have since been verified in our lab using silencing shRNA-

mediated knockdown of Gα12 (Ha and Dhanasekaran, unpublished observation 

 Most significantly, the results presented here clearly demonstrate that inhibition 

of Gα12 signaling by expression of the CT12 construct significantly attenuates the 

proliferative response to LPA (Figures 30, 31, 32).  Expression of CT12 resulted in a 

significant > 50% inhibition in the proliferative response in SKOV3 and HEY cells and 

an albeit modest tendency towards inhibition in the OVCAR3 cells.  This data 
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demonstrates for the first time, a direct role for Gα12 —which has been defined as the gep 

oncogene – in mediating the proliferative response to LPA in ovarian cancer cells (Figure 

31).   

  

6.4  FUTURE DIRECTIONS 

 The aim of this thesis was to define the role of Gα12 signaling in the oncogenic 

responses activated by LPA in ovarian cancer cells.  In addition to establishing the 

mitogenic role of LPA, and the role of Gα12 signaling in mediating the response, this 

work has established a system to investigate additional questions regarding LPA 

signaling.  The contribution of individual LPARs to the proliferative response to LPA 

remains to be established.  It would be fascinating to apply RNA silencing of individual 

LPARs to investigate this.  This would be useful data for validating specific LPAR 

isoforms as targets for pharmacologic modulation in ovarian cancers.  In addition, these 

studies could be combined with the GST-TPR assay to determine the coupling between 

individual LPARs and Gα12 signaling. 

 The effector pathways downstream of Gα12 which mediate the proliferative 

response to LPA have not been identified in ovarian cancer cells.  Although ERK and 

JNK signaling were shown to mediate the proliferative response to LPA, it is not known 

whether these MAPKs function downstream of Gα12 or if they are activated by other G 

proteins in a parallel pathway.  Recent work in the lab, however, has suggested attenuated 

activation of both ERK, JNK, as well as Akt kinases in the CT12 ovarian cancer cells (Ha 

and Dhanasekaran, unpublished observations).   



127 

 

 

 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 33:  Schematic Summary of LPA Signaling in Ovarian Cancer 
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 The expression profile of target genes regulated by LPA-signaling has yet to be 

determined.  It would be interesting to identify the nuclear events, particularly those 

associated with the proliferative response and cell cycle progression.  Given the 

attenuated growth-response observed with the CT12 cells, it would be interesting to 

identify the genes differentially regulated by LPA in the CT12 and wild type cells. 

Characterizing the proteomic and phospho-proteomic profile of LPA-stimulated ovarian 

cancer cells would also provide a wealth of additional insights into the signaling 

mechanism underlying the responses presented here.  Such studies are likely to identify 

novel targets in the oncogenic response to LPA in ovarian cancers, and more generally to 

Gα12 signaling.   
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