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 Ductal adenocarcinomas of the pancreas are the 4th most common cause of cancer 

death. The 1 and 5 year survival rates for all stages combined are currently 26% and 5% 

respectively. Median survival is less than 6 months. Despite remarkable progress in the 

fields of genetics, cancer biology, and advances in surgical techniques as well as 

chemotherapeutics, our ability to recognize and treat patients with pancreatic cancer 

remains poor. 

 GPCR signaling modules have been increasingly implicated in the genesis and 

progression of pancreatic cancers. Aberrant agonist production, receptor expression and 

dysfunctional signaling resulting from genomic instability in a background of a 

heterotopic tumor-stromal microenvironment, contribute to the initiation, progression, 

and eventual metastasis of the disease. Numerous GPCR agonists, including 

lysophosphatidic acid (LPA), along with their cognate receptors have been implicated in 

this oncogenic process.  

 LPA, one of the simplest bioactive lipids, has been shown to be a potent stimulant 

of metastatic behavior in in vitro models. It also acts as a mitogen by inducing 
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proliferation and cell survival pathways in various normal and transformed cell lines. In 

patients with pancreatic cancer both the receptors and ligand have been found to be 

overexpressed. It has been noted that pancreatic cancer cell lines expressing higher levels 

of the LPA receptors present with greater motility. This has led to the hypothesis that 

LPA contributes to the progression of pancreatic cancer through the promotion of a 

metastatic phenotype. However, the underlying mechanisms have not been well 

described.  

 LPA receptors have been shown to couple to the Gi, Gq, or G12 family of 

heterotrimeric G proteins. Consequently, signals transduced through these receptors have 

been shown to stimulate Gαi, Gαq, and Gα12/13 dependent pathways. While earlier studies 

have linked Gαi to LPA induced migration, there is recent evidence to suggest that Gα13 

may provide a major signaling mechanism for LPA receptors stimulating migration in 

diverse cell types including cancer cell lines. Given the ominous nature of pancreatic 

cancers it is of critical importance to understand the mechanisms that promote more 

malignant phenotypes and to assess the role of Gα13 in this process. The goal of this thesis 

therefore is to define the role of Gα13 in LPA-mediated migration of pancreatic cancer 

cells. 

 To assess the oncogenic potential of LPA and the role of Gα13 in stimulating the 

migration of pancreatic cancer cells, a panel of pancreatic cancer cell lines was assembled 

and characterized with regard to their expression of the LPA receptors as well as the Gα 

subunits of the heterotrimeric G proteins. These cell lines were further studied through a 

series of proliferation, wound healing, and transwell migration assays to assess the role of 

LPA in the induction of proliferation and migration in pancreatic cancer cells. The results 
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demonstrated that LPA functions as a mitogen in certain pancreatic cancer cell lines, but 

is a potent stimulant of cell motility and invasive migration. Interestingly, these studies 

indicated that this response proceeds through routes that may not involve Gαi, as a potent 

migratory response was observed in MDAPanc28 cells which lack expression of the Gαi 

subunit. This was verified through the transwell assays conducted in the presence of PTX 

demonstrating that migration occurs independently of PTX sensitive mechanism and thus 

independently of Gαi. Using a dominant negative mutant strategy, the studies presented in 

this thesis establishes the role of Gα13 in mediating LPA-LPAR stimulated migration of 

pancreatic cancer cells. Using pancreatic cancer cell lines that stably express the 

competitively inhibitory dominant negative mutant of Gα13, the ability of these mutants to 

inhibit a LPA mediated migratory response was monitored by wound-healing as well as 

transwell migration assays The results of these studies indicated a substantial attenuation 

of the migratory response and demonstrated for the first time the critical role of Gα13 in 

LPA induced migration in a pancreatic cancer cell line. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Tumorigenesis 

  Tumorigenesis is a multistep process through which a cell, as a result of 

sequential mutations, gains a selective advantage that allows it to escape the normal 

homeostatic mechanisms that control growth. At its heart, it is a genetic disease marked 

by a microevolution at both genetic and epigenetic levels that ultimately lead to 

phenotypic changes characterized by self-sufficiency in growth signals, insensitivity to 

growth inhibitory signals, evasion of programmed cell death, sustained angiogenesis, and 

limitless replicative potential (Hanahan and Weinberg, 2000). The inciting events 

typically involve mutations in one of three types of genes: oncogenes, tumor suppressors, 

and stability genes (Vogelstein and Kinzler, 2004). At a physiologic level, activating 

mutations in oncogenes and de-activating mutations in tumor suppressors operate in the 

same manner, by driving the neoplastic process through a mitogenic stimulus or 

inhibiting apoptosis. The process is further augmented by mutations in stability genes 

which, when inactivated, allow for mutations to occur in other genes at a higher rate 

(Vogelstein and Kinzler, 2004). This allows for a clonal expansion in a background of 

genetic instability that ultimately results in a heterogeneous tumor. Further progression is 

dependent upon selective pressure exerted by the tumor’s microenvironment, including 

both intracellular and extracellular cues, and will eventually lead to invasion and 

metastasis. Though the set of specific genetic mutations contributing to the neoplastic 

process for any given cancer varies, many of the lesions have been identified. In many 
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cancers the sequence of genetic lesions has been found to correlate with the histologic 

staging of the neoplastic process. 

 

1.2 Ductal Adenocarcinoma of the Pancreas 

 Ductal adenocarcinomas of the pancreas are the 4th most common cause of cancer 

death. Though it accounts for only about 2.5 percent of all new cancers, it is responsible 

for 6% of the estimated cancer deaths.  The incidence has been rising at a rate of about 

0.4% per year (American Cancer Society, 2007). In 2008, there were an estimated 37,680 

new cases of pancreatic cancer with 34,290 deaths resulting from the disease (Jemal et 

al., 2008).  The 1 and 5 year survival rates for all stages combined are currently 26% and 

5% respectively with a 5 year survival of only 20% even for those patients who undergo 

potentially curative resection (American Cancer Society, 2007).  Median survival time 

across the board is less than 6 months (Bardeesy and DePinho, 2002).  

 A host of environmental and hereditary factors play a role in the risk of 

development of pancreatic cancer. The disease correlates most strongly with age. It’s rare 

before the age of 40, but there is 40 fold increased incidence of pancreatic 

adenocarcinomas by the age 80 (Anderson and Potter, 1996). There is clearly a hereditary 

component as first degree relatives of patients with pancreatic adenocarcinomas have a 3 

fold increased risk (Bardeesy and DePinho, 2002). Pancreatic cancers are also more 

common in men than women, and more common in the African American population 

than the general pool. Compared to the general population the incidence rates are 68% 

higher in African Americans (Ries et al., 2000). Environmental exposures are also likely 

to contribute to the genesis of the disease. For example, tobacco users have twice the risk 
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of developing pancreatic cancer as compared to nonsmokers. Populations subsisting on 

high fat diets have an increased risk of the disease which seems to correlate with an 

increased incidence associated with obesity.  Finally, there is also an increased incidence 

in individuals with chronic pancreatitis, diabetes, and cirrhosis, though this may be a 

complication of chronic inflammation and end organ damage rather than a direct effect. 

(American Cancer Society, 2007). 

 Ductal adenocarcinomas of the pancreas typically present late, progresses rapidly, 

and respond poorly to treatment. Survival is limited almost exclusively to those with 

potentially resectable disease, which is rare as it often progresses asymptomatically. The 

range of clinical presentation is dependent upon the location of the primary tumor within 

the pancreas. When presentation is symptomatic early symptoms may include jaundice 

caused by the obstruction of the common bile duct.  This can be painless or painful and is 

an indicator of potentially resectable vs. locally unresectable disease (Steer et al., 2008). 

When pain is present, it typically radiates to the back. Of the patients presenting with 

such pain, 80 to 85% will ultimately be diagnosed with locally or regionally advanced 

disease. In a small percentage of patients, pancreatic cancer presents as progressive 

diabetes mellitus due to the destruction of the parenchyma of the pancreas and thus 

disrupting the ability of β-islet cells to produce insulin. Interestingly, ductal 

adenocarcinomas of the pancreas often present as a syndrome of depression accompanied 

by weightloss and abdominal discomfort. However, in what is perhaps one of the great 

failures of medical science, it often goes undetected since these symptoms may be present 

up to three years prior to diagnosis (American Cancer Society, 2007).  The diagnosis of 

pancreatic cancer itself is made on a basis of clinical history combined with radiographic 
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and histologic studies. Clinical signs that may indicate the presence of disease include 

elevated serum bilirubin and alkaline phosphatase activity in a background of mild 

anemia. An abdominal mass or ascites is noted in 20% of patients with pancreatic cancer. 

Many suffer from Trosseau’s syndrome, a hypercoaguable state with a high incidence of 

thromboembolic events. Very rarely patients may present with pancreatic panniculitis, 

which are subcutaneous areas of nodular fat necrosis (Steer, et al., 2008). 

 Treatment options are often limited in pancreatic cancer. In local disease, surgical 

resection though pancreatoduodenectomy can be curative. The first such procedure was 

performed by the German surgeon Walter Kausch in 1909 but was refined by the 

American surgeon Allen Oldfather Whipple in 1935 (Bardessy and DePinho, 2008).  The 

procedure itself (Fig 1) requires the removal of the distal half of the stomach, the gall 

bladder, the common bile duct, the proximal jejunum, and regional lymph nodes. In 

addition it carries with it significant morbity and mortality. In most academic centers, 1 

out of every 20 patients who undergo the Whipple procedure will die from complications 

of the surgery itself. Following resection, the serum tumor marker CA 19-9, sialylated 

Lewis antigen/carbohydrate antigen 19-9, is useful in monitoring disease progression, 

particularly in those receiving chemotherapy. However, confirmation of disease 

progression should be made radiographically as the test can be falsely positive and falsely 

negative (Steer, et al., 2008).  Without surgery, chemotherapy and radiation can have 

only a minimal impact on survival. Single agent chemotherapies with 5-flourouracil, 

capecitabine, or gemcitibine have not been shown to achieve a response rate of greater 

than 10%, with median survivals between 10 and 24 weeks. Despite the lack of an 

objective measure of response, chemotherapy is recommended for palliative treatment of  
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Figure 1: Schematic of Pancreatoduodenectomy 

The above panel displays a gross specimen from a patient having undergone the Whipple 

procedure or pancreatoduodenectomy secondary to pancreatic cancer. The tumor mass is 

seen to arise along the inferior dorsal aspect of the head of the pancreas encompassing the 

common bile duct. The curative resection seen below involves removal of the distal half 

of the stomach, the gall bladder, the common bile duct, as well as the proximal jejunum. 
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of the disease. Combination chemotherapies have yet to demonstrate a clear survival 

benefit over monotherapy (Ryan, et al., 2008). 

 

1.3 Genetic Progression Model  

 Though disease progression is often asymptomatic in pancreatic cancers, many of 

the genetic lesions contributing to this process have been identified. Vogelstein’s model 

for the progression of colon cancer is perhaps the best known progression model and has 

served as a template for Cubilla and Fitzgerald’s studies delineating sequential mutations 

present in increasingly atypical ductal structures which represent varying histologic 

grades of pancreatic intraepithelial neoplasia, ranging from normal epithelia, PanIN-1 

through 3, to frank adenocarcinoma  (Cubilla and Fitzgerald, 1976).   

 The earliest lesions that arise in pancreatic neoplasias are in the oncogene K-RAS. 

Activating mutations are present in about 30% of these lesions but are present in nearly 

100% of frank adenocarcinomas (Hruban et al., 2001). Activating mutations in K-RAS 

result in the coordinate induction of the cyclin dependent kinase inhibitor WAF1 through 

the activation of the mitogen activated protein kinase cascade, as well as the upregulation 

of the EGF-family of ligands and receptors such as TGF-α and Her2/neu. The subsequent 

autocrine signaling pathway leads to the activation of AKT through PI3K  and may be 

permissive of further neoplastic transformation (Bardeesy and DePinho, 2002). In more 

advanced lesions, there is a loss of heterozygosity at chromosomes 9q21, 17p, and 18q21, 

leading to alterations in the CDKN2A, TP53, and the DPC4, respectively. The resultant 

loss of function in the tumor suppressors INK4A, p53, and SMAD4 correlate with the 

successive progression of lesions from normal ductal epithelia to pancreatic 
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intraepithelial neoplasias 1 through 3 (Hruban et al., 2001). Further progression is 

characterized by the loss of function mutations to BRCA2. The resulting dysregulation of 

homologous-recombination based DNA-repair, in the background of dysfunctional DNA-

damage response pathways, leads to a rampant genomic instability that is characteristic of 

pancreatic adenocarcinomas (Bardeesy and DePinho, 2002). This process appears to be 

self potentiating in that it progresses through chromosomal breakage fusion cycles that 

can result in severe aneuploidy, thereby promoting further genetic instability (Duesberg 

et al., 1998)  Such genomic instability results in further aberrant gene expression. These 

cycles continue until telomerase is reactivated, thus stabilizing the genome and 

immortalizing the tumor cell. In this sense, the intrinsic genetic instability of cancers 

provides the raw material for the progression of the disease. However, it is the selective 

pressure provided by the interaction between the tumor and its microenvironment that 

seems to drive the progression and ultimately metastasis. 

 

1.4 Tumor-Stromal Microenvironment 

 Cancer cells exist within the compartmentalized boundaries of the tissues in 

which they arise. Within those boundaries tumor cells are exposed to environmental 

stresses marked by hypoxia, low pH, poor nutrition, and often an inflammatory response 

(Chiang and Massague, 2008). These environmental stresses alter the expression profiles 

of many different genes. For example hypoxia has been shown to induce the expression 

of hypoxia inducible factor 1 (HIF-1) leading to changes that promote anaerobic 

metabolism, angiogenesis, invasion, and survival (Dayan and Mazure, 2006). Such 

changes further alter the physiology of cancer cells - whose gene expression profiles are 
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already aberrant - and thus elicit a response that can alter the microenvironment of the 

cancer itself.  This environmental pressure selects for cancer cells that can survive in 

suboptimal conditions thereby promoting the selective growth of those cells within the 

heterotopic mixture that are able to co-opt local and bone marrow derived stromal cells to 

there advantage. Such tumor-stromal interactions represent increasingly important 

avenues in disease progression as cancer cells elicit the production of growth factors and 

cytokines such as FGF, EGFR, and PDGF, and TGF-β from the stromal components of 

there micro-environments (Dayan and Mazure, 2006).  These autocrine and paracrine 

loops ultimately contribute to metastasis presumably through the down regulation of cell 

adhesion molecules and/or the up regulation of those genes that promote invasion and 

dissemination. 

 Such heterotopic tumor-stromal interactions seem to play an important role in the 

progression of pancreatic cancer (Bardeesy and DePinho, 2002). This is well exemplified 

in the desmoplastic response, which is a marked proliferation of stromal fibroblasts with 

concurrent synthesis and deposition of components of the extracellular matrix such as 

vitronectin, fibronectin, type I collagen, type III collagen, type IV collagen and laminin 

(Greziak et al., 2007, Solcia et al., 1995).  This response is dependent upon paracrine 

signaling between tumor cells and pancreatic stellate cells (Greziak et al., 2007; Kleef et 

al., 2007).  In pancreatic cancer, the desmoplastic response contributes to disease 

progression by promoting angiogenesis as well as by providing protection from immune 

attack (Bissell and Radisky, 2001). This response has been linked to the loss of function 

mutations in the DPC4 locus encoding SMAD4, leading to dysregulation of 

inflammatory processes associated with TGF-β signaling.  Loss of heterozygosity at 
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SMAD4 contributes to the stimulation of stromal fibroblasts and the resulting production 

and deposition of ECM components (Greziak et al., 2007; Bardeesy and DePihno, 2002). 

Within the microenvironment of this oncogenic stroma, there are further alterations in the 

expression and cellular distribution of adhesion molecules including the integrin -α1, -α2, 

-α3, -α5, and -α6 subunits, as well as E-cadherin, and N-cadherin (Keleg et al., 2003).  

These alterations appear to disrupt the regulation of the cell cycle as well as the inhibitory 

effects on migration thus promoting metastasis. The downregulation of E-cadherin is of 

particular interest has been suggested to an important step in the progression of metastatic 

phenotypes, as its attenuation has been more frequently seen in poorly differentiated 

pancreatic cancers with distant metastasis compared to well differentiated tumors with 

negative lymph node biopsies (Keleg et al., 2003). It is interesting to note that the down-

regulation of E-cadherin appears to be mediated by the interaction of α2β1- integrin with 

type I collagen, thereby suggesting that progression may be dependent upon the 

desmoplastic response (Greziak et al., 2007). Presumably the desmoplastic response also 

contributes to the  an upregulation of matrix metalloproteases, expression of urokinase by 

stromal cells, and activation of plasminogen leading to the degradation of the 

extracellular matrix, particularly collagen type IV which is a major component of the 

epithelial basement membrane. This may serve as a trigger in the angiogenic switch 

leading to neovascularization and further promotes the invasion and metastasis (Keleg, 

2003). 

 The microenvironment of pancreatic tumors is further defined by the extracellular 

mediators of signal transduction - growth factors, cytokines, neuropeptides, and bioactive 

lipids - elaborated by components of the stromal compartment in addition to the tumor 
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itself. In pancreatic cancer these include a plethora of factors such as EGFR ligands, 

PDGF, FGF2, IL8, HGF, VEGF, cholecystokinin, somatostatin, gastrin, bombesin, 

thrombin, neurotensin, and lysophosphatidic acid (LPA) (Ryder et al., 2001). Such 

ligands, in the background of aberrant gene expression contribute to the activation of 

atypical and asynchronous signaling networks that promote the tumorigenesis and 

progression. Of particular importance to this process are autocrine/paracrine loops 

mediated by Hedgehog, Notch, Wnt, and GPCR signaling pathways as well as receptor 

tyrosine kinases such as EGFR, IGF-IR, and PDGFR (Mimeault et al., 2005). 

 Overexpression of the EGF receptor as well as the coordinate induction of the 

EGF ligands EGF and TGF-α occurs as an early event in the genesis of pancreatic cancer 

and has been observed at a high frequency in patients with advanced disease (Fjallskog et 

al., 2003). This autocrine loop has been shown to contribute to the replicative potential 

conferred through activating mutations in K-RAS (Watanabe et al., 1996) and is further 

potentiated through the downregulation of EGFR-related protein which is a negative 

regulator of ligand induced EGFR activation (Zhang et al., 2005).  Furthermore, 

sustained EGFR activation leads to reactivation of the Notch signaling cascade further 

promoting oncogenic gene transcription (Miyamoto et al.. 2003) Similarly, reactivation 

of the hedgehog and Wnt signaling cascades activate separate gene expression profiles 

that promote oncogenesis (Thayer et al., 2003). Overexpression of IGF-IR and PDGF 

along with there cognate ligands induce pathways that inhibit apoptosis and promote 

angiogenesis respectively (Min et al., 2003, and Hwang et al., 2003). IGF-IR for example 

leads to the activation of AKT, the nonreceptor tyrosine kinase, Src, and increased 

expression of MMP2 (Duxbury et al., 2004). With disease progression there are further 
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abnormalities noted in receptor tyrosine kinase signaling such as the overexpression of 

FGF-R and C-Met. Ultimately this results in the activation of distant mitotic, anti-

apoptotic, and angiogenic cascades.  

 

1.5 GPCRs and Pancreatic Cancer 

 G protein cell surface receptors, also known as heptahelical, serpentine, or seven 

transmembrane receptors comprise the largest family of cell surface receptors, and have 

been increasingly implicated in tumorigenesis. Though the initial evidence of their role in 

the oncogenic process was demonstrated via the transforming potential of ectopic 

expression of 5-HT1C serotonin as well as m1-, m3-, and m5- muscarinic receptors in  

NIH3T3 cells (Julius et al., 1989; Gutkind et al., 1991), GPCR’s have subsequently been 

shown to be active in the tumorigenic process in numerous cancers. Mutational or chronic 

activation, aberrant agonist production, and atypical receptor expression all play a role in 

this process (Hanahan and Weinberg, 2000, Mills and Moolenaar, 2003). The growing 

list of human cancers whose progression demonstrates contributions from GPCR 

dependent signaling modules includes glioblastomas, hepatocellular carcinomas, gastric, 

pancreatic, colon, ovarian, breast, and prostatic cancers (Yun et al., 2005, Kitayama et 

al., 2004, Fulita et al., 2003, Shida et al., 2004, Wilson et al., 2005., Shi et al., 2004, 

Gugger, et al.,  2008, Paolillo and Schinelli, 2008, Daaka, 2002, Fischer et al., 2004).  

  Structurally GPCRs contain seven α-helical transmembrane domains forming 

three intracellular cytoplasmic loops. The amino acid sequence of the cytoplasmic loops 

in conjunction with the carboxy-terminal tail of the receptor determines the character of 

the cognate heterotrimeric G protein to which the receptor is coupled. The cognate 
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heterotrimeric G proteins consists of α and βγ subunits and provide a mechanism for 

signal transduction from receptor to downstream effector. The α subunit contains within 

it a guanine nucleotide binding domain with an intrinsic GTPase activity. In the quiescent 

state the heterotrimeric G protein is bound to GDP at the receptor  but in the presence of 

the appropriate stimulus, the associated GPCR catalyses the exchange of GDP for GTP, 

the α and βγ subunits dissociate to activate downstream effectors. In the absence of the 

appropriate stimulus the intrinsic GTPase catalyses the hydrolysis of GTP to GDP and 

the α and βγ subunits, quiescent once more, reassociate with the receptor (Fig 2) (Johnson 

and Dhanasekaran, 1989).  To date 17 distinct α subunits, 5 β  subunits, and 12 γ subunits 

have been identified (Robishaw et al., 1989: Iyengar and Brinbaumer, 1990, 

Dhanasekaran et al., 1998). On the basis of sequence homology, the α subunits have been 

classified into 4 groups that coincidently reflect their functions; Gs, Gi, Gq, and G12 (Table 

1) ( Strathman and Simon, 1991).  

 The effectors of the heterotrimeric G proteins include, Adenylyl cyclase, 

Phospholipase C, Phospholipase A2, Phosphodiesterase, Protein Kinase C, the 

nonreceptor tyrosine kinases such as SRC, PYK 2, and BTK and the small GTPases; Ras, 

Rac, Rho and cdc42 (Radhika and Dhanasekaran, 2001).  Ultimately, through various 

mechanisms, these signal modules converge upon distant effectors common to both 

GPCR’s and receptor tyrosine kinases  such as the mitogen activated protein kinases 

ERK1/2, JNK, and p38MAPK, as well as AKT, and NF-κB (Goldsmith and 

Dhanasekaran, 2007, Shepard, et. al, 2001, and Dhanasekaran and Dermott, 1996). In 

what might be considered an atypical pathway - but critical to cell growth - the activation 

of a heterotrimeric G protein via stimulation of the GPCR with its cognate ligand leads to  
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Figure 2:  Schematic of G Protein Activation Cycle 

Stimulation of the seven-transmembrane GPCRs leads to the exchange of GDP for GTP 

at the α subunit. The activated α subunit and released βγ subunit then transduce the signal 

to downstream effectors. The intrinsic GTPase activity of the α subunit hydrolyzes GTP 

to GDP leading to the reassociation of the βγ subunit. 
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   Table 1: G Proteins: Receptors and Effectors 

Class/ 
Subfamily 

Gα- 
Subunit 

Receptors Effectors 

Gs Gαs 
 
 
 
 
Gαolf 

Β1,2-Adrenergic, 
Glucagon, Dopamine, Seratonin,  
α2-Adenosine,LH, FSH, TSH,  
GNRH, ACTH 
 
Odorant receptors 

Adenylyl Cyclase 
( ↑ cAMP) 
Ion Channels 
 
 
Adenylyl Cyclase 

Gαi1 
Gαi2 
Gαi3 

 

α2-Adrenergic, 
Thrombin, m2-m4-Muscarinic, 
Acetylcholine, α1-Adenosine, 
Vasopressin, Somatostatin 

Adenylyl Cyclase 
( ↓ cAMP) 
Ion Channels 
Phospholipase C 
Phospholipase A2 

Gi 

GαoA,B 
Gαt1,2 
Gαg 
Gαz 

Muscarinic 
Opsins 
Taste 
Dopaminergic, 5-HT1A, Seratonin 

Ion Channels 
Phospholipase C 
Phosphodiesterase 
Phosphodiesterase 
Adenyl Cyclase 

Gq Gαq 
Gα11 
Gα14 
Gα15/16 

α1-Adrenergic, LPAR 
Chemokine, Bradykinin, 
m1-,m3-,m5- Muscarinic 
Acetylchline, Thrombin 
LPA, Vasopressin, Thromboxane, 
Chemokine, Histaminergic 

Phospholipase-Cβ 
DAG, Ca2+ Channels 
Protein Kinase C 

G12 Gα12/13  Thrombin, Thromboxane, LPA, 
Neurokinin-1, Endothelin-A,-B, 
5HT2c, Ca-sensing, Muscarinic  
Type 1, CCKA, Angiotensin II-AT1 
Dopamine 

RhoGEF’s, Small 
GTPases (Ras, Rac,  
Rho, cDc42), tyrosine 
kinases (BTK, PYK2, 
Src), PLD, PLC, PLA2
Cox2 
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the activation of small GTPases such as Ras, Rac, and Rho, which in turn activate a 

cascade consisting of a MAP4K, a MAP3K such as Raf or MEKK2/3, and a MAP2K 

such as MEK1/2 or MKK 3/6. The resultant activation of ERK, JNK, p38MAPK 

signaling modules leads to transcriptional changes that may result in proliferation, 

differentiation, migration, survival, or depending on the context of the signal, growth 

arrest and apoptosis (Goldsmith and Dhanasekaran, 2007). Such a convergence offers an 

additional level of regulation to signaling networks mediated by receptor tyrosine kinases 

as well as nonreceptor tyrosine kinases and in and of itself demonstrates the critical role 

of GPCR signaling modules in the pathogenesis of disease. However, regulatory 

functions of GPCRs are further complicated by evidence supporting the direct 

transactivation of receptor tyrosine kinases, of which EGFR serves as the prototypic 

example. Under normal physiological conditions, cross communication between 

receptors regulates essential cellular processes, such as proliferation, migration, 

differentiation, and apoptosis. However, the deregulation of communication between 

such signaling networks, associated with pathological conditions, has been shown to be 

coupled to tumor genesis and progression. Inappropriate activation of EGFR has been 

observed in over 60 carcinoma cell lines following stimulation by such GPCR agonists as 

endothelin-1, thrombin, and LPA (Fisher et al., 2003). The molecular mechanisms 

involved in this process are unclear but it’s likely that several pathways are involved. For 

example, one model suggests GPCR activation leads to activation of the ADAM family 

of matrix metalloproteases which in turn leads to the cleavage of EGF proligands such as 

HB-EGF and the subsequent activation of EGFR, whereas another model would support 

a role for the generation of reactive oxygen species as a mediator for this process (Fisher, 
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et al., 2004).  Notably, several of the subtypes of heterotrimeric G proteins have been 

found to be involved in this process including Gαi, Gαq, and Gα13 (Gschwind et al., 2001, 

Zwick et al., 1999). Regardless of the mechanism, crosstalk between GPCR’s and RTK’s 

further supports the role of  GPCRs in progression of cancer as the combination of GPCR 

diversity with RTK signaling capabilities represents a powerful signaling modality that 

would be expected to be pathogenic when dysregulated.  

 Certainly, GPCR signaling modules when dysregulated, have been shown to be 

important contributors to the oncogenic process in pancreatic cancers. The GPCR ligands 

CCK, gastrin, and bombesin have all been reported to stimulate autocrine loops driving 

proliferation in pancreatic cancer cell lines (Smith et al., 1996, 1999, Kaufmann et al., 

1997, Avis et al., 1993; Wang et al., 1996). A splice variant of the CCK-B receptor 

termed CCK-C has been noted to be preferentially expressed in pancreatic as well as 

colon cancers (Smith et al., 2002). Subsequently, treatment of BxPC3 pancreatic cancer 

cells with an antibody blocking the activation of the CCK-C receptor was shown to 

inhibit proliferation (Smith et al., 2002) Rozengurt et al. have similarly demonstrated that 

these neuropeptides, in addition to the neuropeptide neurotensin whose receptors have 

been noted to be overexpressed in pancreatic cancers, act as potent mitogens inducing the 

phosphorylation of ERK 1/2 and promoting cell proliferation (Elek et al., 2000, Wang et 

al., 2000, Rozengurt et al., 1998). Ryder et al. further demonstrated that vasopressin, 

angiotensin, and bradykinin, as well as the bioactive lipid LPA evoke similar responses in 

various pancreatic cancer cell lines including HPAF-II, Panc-1, Capan-1, Capan-2 and 

MiaPaCa2 (Ryder et al., 2001). These studies noted a dose dependent increase in the 

phospholipase C generated second messengers IP3 and DAG with concomitant influx in 
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intracellular Ca2+ suggesting a role for Gαq in this process.  The bioactive amines LPA 

and sphingosine-1-phosphate (S1P) have been shown to elicit mitogenic effects (Ryder, 

et al., 2001). LPA itself has been increasingly implicated in the regulation of proliferation 

and migration in pancreatic cancers (Yamada et al., 2004). 

 

1.6 Lysophosphatidic Acid 

 LPA is perhaps the simplest bioactive lipid known, consisting of a single fatty 

acyl chain and a free phosphate group bound by a glycerol backbone (Fig 3) (Mills and 

Moolenar, 2003) It is primarily produced and released from activated platelets but has 

also been shown to be produced extracellularly from phosphotidylcholine by autotoxin 

(Mills and Moolenar, 2003). Under normal conditions, it is detectable in various body 

fluids including serum, saliva and follicular fluid. However, in patients with pancreatic 

cancer LPA is present at much higher levels within their serum, malignant effusions,  and 

presumably it is present at higher levels within the microenvironment of tumors 

themselves (Mills and Moolenar, 2003, Yamada et al., 2004). Under normal physiologic 

conditions LPA has a diverse cellular activity. It is a potent mitogen and anti-apoptotic 

factor inducing signaling modules whose effects are both rapid and occur independently 

of new protein synthesis as well as secondary long term changes requiring gene 

transcription (Kranenburg et al., 2001, Radeff-Huang et al., 2004).  It also effects 

morphological changes within cells, increases endothelial permeability and inhibits gap 

junction communication (Mills and Moolenar, 2003)  Further its been shown to promote 

platelet aggregation and smooth muscle contraction by regulating Rho-dependent stress  
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Figure 3: Lysophoshatidic Acid (LPA) 

Depicted is the structure of LPA (1-oleoyl-2-hydroxy-sn-glycero-3-phosphate). One of 

the simplest bioactive lipid known it consists of a single fatty acyl chain and a free 

phosphate group bound by a glycerol backbone. LPA has diverse cellular activity. It has 

been shown to stimulate mitogenic and anti-apoptotic, as well as migration in a variety of 

normal and transformed cell lines.  
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fiber formation (Moolenaar, 1995; Radeff-Huang et al., 2004). Under pathological 

conditions, however, LPA may acquire more ominous functions promoting peritoneal 

dissemination, tumor cell invasion, and metastasis as has been observed in ovarian and 

pancreatic cancers.   

 LPA transmits signals through specific seven transmembrane G protein couple 

receptors (Mills and Moolenaar, 2003).  To date, four distinct LPA receptors belonging to 

the EDG family of GPCR’s have been described including LPA1/EDG-2, LPA2/EDG-4, 

LPA3/EDG-7, and the LPA4/GPR23 (Radeff-Huang et al., 2004).  While LPA1, LPA2, 

and LPA3 are characterized to be true LPA-receptors as defined by their structural 

homology and functional responses, the role of LPA4 as a “true” LPA receptor is not 

fully resolved, as it shares no significant sequence homology with the other LPA 

receptors and more closely resembles the purinergic GPCR family (Noguchi et al., 2003).  

Stimulation of these receptors leads to the activation of the α-subunits of Gi, Gq, or G12 

family of heterotrimeric G proteins with their cognate downstream effectors (Radeff-

Huang et al., 2004; Stahle et al., 2003; Radhika, et al., 2005). Consequently, signals 

transduced through these receptors have been shown to stimulate Gαi, Gαq, and Gα12/13 -

dependent pathways (Mills and Moolenaar, 2003, Radeff-Huang et al., 2004, Stahle et 

al., 2003; Radhika, et al., 2005).  The downstream effectors of Gαi, Gαq, and Gα12/13 

eventually lead to  the activation of the small GTPases, Ras, CDC42, Rac, and/or Rho in 

a context-specific manner (Mills and Moolenaar, 2003; Radeff-Huang et al., 2004; Stahle 

et al., 2003).  Ultimately these pathways when dysregulated promote tumor progression 

by enhancing proliferation as well as tumor cell migration and invasion. In the case of 

LPA, it has been noted that LPA promotes proliferation in a number of tumor cell lines 
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presumably through the Gαi dependent activation of the mitogen-activated protein kinase 

cascade involving the Ras-Raf-MEK-ERK1/2 module (Stahle et al., 2003). It has also 

been shown that LPA promotes cell survival through the activation of AKT that provides 

an anti apoptotic stimulus essential for dissemination in certain cell types (Radeff-Huang 

et al., 2004; Moolenaar et al., 2005).  In many cell types, stimulation with LPA leads to 

Gαi-dependent activation of the PI3K-Tiam1-Rac axis and subsequent chemotaxis. 

However, many of the morphological chances associated with LPA induced migration are 

thought to proceed through Gα12/13–dependent CDC42, Rac, and/or Rho activation 

(Radeff-Huang et al., 2004; Moolenaar et al., 2005).   

 

1.7 G12 Family 

 The coupling of LPAR to the G12 Family of G proteins, consisting of Gα12 and 

Gα13, is particularly interesting in this regard. The G12 family of G-proteins, while 

ubiquitously expressed has the potential to transform cells at a rate comparable to c-raf or 

Ras and has been shown to do so following over expression of the wild type (Chan et al., 

1993, Xu et al., 1993, Jiang et al., 1993, VoynoYasenesjkaya, et al., 1994, Vara Prasad et 

al., 1994, Gutkind et al., 1998)  While both have the potential to transform cells, Gα12 has 

been more hightly associated with proliferation whereas Gα13 appears to be required for 

migration. (Radhika et al., 2004, Shan et al., 2006) The initial lines of evidence 

supporting these assertion came through the observations that the activated mutants of 

Gα12 abrogate serum dependence on transformation, whereas Cta, an ortholog of Gα13, is 

required for cell movement during Drosophila embryogenesis (Parks and Wieschaus, 

1991). Subsequently, with regard to Gα13, it has been shown that Gα13-null (Gα13-/-) 
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fibroblasts show the loss of chemokinetic response to thrombin or LPA receptor-

mediated cell movement (Offermanns et al., 1997, Gu et al., 2002) Gα13 has also been 

shown to play a roll the in Rac-dependent protrusion of lamellipodia, interacts with RAC 

and cortactin to promote migration through HAX-1 (Radhika et al., 2004), and has been 

suggested to be essential to RTK induced migration in a manner that appears to be 

independent of GPCR signaling (Shan et al., 2006). Taken together, these findings 

suggest that Gα13 may serve as a signaling nidus in migratory pathways including those 

evoked  through stimulation with LPA. 

 

1.8 GPCR and RTK Signaling Networks 

 Of the four identified LPA receptors, LPA1 and LPA2 appear to be the receptors 

principally involved in the regulation of cell motility (Stahle et al., 2003; Shida et al., 

2004; Yamada et al., 2004).  Using siRNA and pharmacological agents that have 

differential specificity towards the LPARs, it has been shown that the motility of 

pancreatic cancer cell line, YAPC-PD can be stimulated by LPA via LPA1 (Yamada et 

al., 2004).  However, as stated by the authors of this study, this is restricted to one cell 

type and a role for LPA2 cannot be ruled out, since it is widely expressed in all migratory 

pancreatic cancer cell lines and is thought to be the dominate form of the receptor 

expressed in a variety of cancers (Yamada et al., 2004). The observation that LPA2 acts 

synergistically with the receptor tyrosine kinase c-Met to promote cell migration in many 

other cancer cell lines also supports this view (Shida et al., 2004, Fisher et al., 2004). In 

addition, LPA has been shown to mediate some of its oncogenic signaling through the 

transactivation of receptor- as well as non-receptor-tyrosine kinases (Kumar et al., 2006).  
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Recent studies have shown that the transactivation of receptor tyrosine kinases by GPCRs 

represents a major mechanism through which GPCRs and their cognate ligands exert 

their effects on target cells (Kumar et al., 2006, Fischer et al., 2004, Schafer et al., 2004). 

Under normal physiological conditions, cross communication between receptors 

regulates essential cellular processes, such as proliferation, migration, differentiation, and 

apoptosis. Presumably, the deregulation of communication between such signaling 

networks has been shown to be coupled to tumor genesis and progression. As previously 

stated aberrant coupling between GPCR- and EGFR-dependent signal transduction 

cascades has been observed in over 60 carcinoma cell lines (Fisher, et al., 2003). 

Additional receptor tyrosine kinase signaling modules including the insulin-like growth 

factor 1 receptor (Rao et al., 1995), trk (Lee et al., 2001), vascular endothelial growth 

factor receptor (Thuringer et al., 2002), and platelet derived growth factor receptor 

(Linesman et al., 1995, Kumar et al., 2006). In this context, the transactivation of c-Met 

is of particular interest as it has been recognized as an important regulator of invasive 

growth of tumor cells and there is evidence that LPA transactivates c-Met in pancreatic 

cancer cell lines (Shida et al., 2004; Fischer et al., 2004).   

 

1.9 c-Met 

 C-Met is the prototypic member of the scatter factor family of receptor tyrosine 

kinases (Giordano et al., 1989) whose natural ligand is hepatocyte growth factor, HGF 

(Trusolino & Comoglio, 2002; Zhang & Vande Woude, 2003). It was identified as a 

proto-oncogene whose anachronistic activation was observed in a number of solid tumors 

(Gao et al., 2005). Upon stimulation by HGF, similar to many of the RTKs, c-Met 



 24

receptors dimerize and catalyze trans-phosphorylaion of each other.  The phosphorylated 

c-Met receptor in turn stimulates the activation of other effector molecules such as 

phosphatidyl-inositiol-3-kinase-AKT, phospholipase-C, and ERK (Zhang & Vande 

Woude, 2003, Bolonos-Garcia et al., 2005).  In addition, c-Met phosphorylates β-catenin, 

which induces β-catenin disassociation from the cell adherence junctions to facilitate cell 

movement (Danilkovitch-Miagkova et al., 2001; Davis et al., 2001).  The dissociated 

phosphorylated β-catenin can translocate to the nucleus and engage in the induction of 

TCF-mediated gene expression (Monga et al., 2002; Muller et al.., 2002). c-Met al.so 

stimulates the expression of several matrix metalloproteases through multiple 

downstream signaling pathways (Harvey et al., 2000, Kermorgant et al., 2001; Ozaki et 

al., 2003).  Thus, asynchronous activation of c-Met can lead to both tumor cell survival 

and invasive migration, and has been strongly associated with angiogenesis and the 

induction of metastasis (Gao & Vande Woude, 2005; Bolanos-Garcia et al., 2005).  

Increased c-Met expression and activity has been noted in pancreatic cancer cells 

demonstrating enhanced invasive potential (Ebert et al., 1994; Di Renzo et al., 1995; 

Hansel et al., 2004; Ohuchida et al., 2004). It has also been demonstrated that 

pharmacological or genetic intervention of c-Met activity abrogates this response, 

indicating that the induction of c-Met-dependent pathways strongly contribute to the 

evolution of metastatic behavior (Furge et al., 2001; Christensen et al., 2003; Wang et 

al.., 2003; Ohuchida et al., 2004).  The tumor stromal interaction likely contributes to this 

process as it has also been shown that the paracrine secretion of HGF by stromal 

fibroblasts and the concomitant activation of c-Met dependent pathways enhances 

metastatic potential.  In vitro invasion assays carried out with Suit-2, Capan 1, and 
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SW1990 pancreatic cancer cells in the presence of co-cultured fibroblasts demonstrated 

increased invasive growth dependent upon the activation of the HGF/c-Met axis 

(Ohuchida et al., 2004).  In addition, c-Met has shown to be activated by epidermal 

growth factor receptor (EGFR) dependent pathway which in turn have been shown to be 

activated through stimulation by LPA (Bergstrom et al., 2000; Nath et al., 2001). Thus  c-

Met transactivation has been noted in various cancer models including gastric, hepatic, 

and pancreatic cancer cell lines and represents an important signaling conduit through 

which LPA may promote progression of disease (Yamada et al., 2004; Shida et al., 2004; 

Schafer et al., 2004).   

 

1.10 Summary 

 Understanding the selective pressures exerted on tumor cells through interactions 

with the components of their microenvironment have become increasingly important in 

our understanding of pathogenesis. In the oncogenic setting, given dysregulation of the 

normal physiologic signaling modules, particularly within the setting of an oncogenic 

stroma as seen in pancreatic cancers complex pathologic signaling networks arise. 

Studies indicate that LPA is present at increased levels in the serum and malignant 

effusions of patients with pancreatic cancer (Yamada et al, 2004). It has also been shown 

that LPA can stimulate disease progression in a number of tumor cell lines through the 

induction of proliferation and migration (Yamada et al, 2004, Shida et al., 2004). The 

mechanisms through which LPA exerts its effects may involve the transactivation of 

receptor tyrosine kinases such as c-Met (Shida et al., 2004).. Based on these findings it 

has been hypothesized that Gα13, given its established role in cell migration as well as the 
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coupling to GPCRs such as LPA, may act as a signaling nidus in this process. This is 

supported by the evidence linking Gα13 to GPCR-dependent as well as RTK-dependent 

migration. Given the ominous nature of pancreatic cancers, it is of critical importance to 

understand the mechanisms that promote more malignant phenotypes and to assess the 

role of Gα13 in this process. The goal of this thesis therefore is to define the role of Gα13 

in the progression of pancreatic cancer as well as the mechanisms through which LPA 

promotes metastasis. 
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CHAPTER 2  

MATERIALS AND METHODS 

 

2.1 Cell Lines 

BxPC3 cells and MiaPaCa2 Pancreatic Cancer cells were kindly provided by Dr. Stephen 

Cosenza and Dr. Premkumar Reddy (Fels Institute, Temple University, PA.) DanG 

Pancreatic Cancer cells were kindly provided by Dr. Klaudia Giehl (Dana-Farber Cancer 

Institute). MDAPanc28 Pancreatic Cancer cells were provided by Dr. Paul Chiao (The 

University of Texas M. D. Anderson Cancer Center). MDAPanc28 and MiaPaCa2 cells 

were maintained in Dulbecco’s Modified Eagle’s Medium (Cellgro, NJ) (DMEM) 

containing 10% calf serum (Life Technologies Inc, Gaithersburg MD.) containing 50 

units/mL penicillin, and 50ug/mL streptomycin at 37% in a 5% CO2 incubator. BxPC3 

and DanG cells were maintained under similar conditions with 10% fetal bovine serum 

(Gemini Bioproducts, CA). Serum deprivation was accomplished by incubation of the 

cells for 24 hours in DMEM supplemented with 10 mM HEPES (pH 7.4) and 0.2% BSA. 

 

2.2 Plasmids 

The plasmids containing C-terminal minigene constructs for Gα13 (CT-13) were 

constructed with the 12 amino-acid sequences: LHDNLKQLMLQT (Jayaraman and 

Dhanasekaran, unpublished data). The oligonucleotide sequences encoding the peptides 

were synthesized and shuttled into a mammalian expression vector pcDNA3.1 
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(Invitrogen, Carlsbad, CA) that has been engineered to express them as HA-epitope 

tagged C-terminal peptides (Jayaraman and Dhanasekaran, unpublished data).   

 

2.3 Stimulation 

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

powder form from Avanti Polar Lipids, Alabaster, AL.  It was dissolved to 20 mM stock 

solutions in sterile distilled water, and stored at  -20o C.   Thrombin Receptor activating 

protein (SFLLRNPNDKYEPF-OH) was obtained in powder form from Anaspec (San 

Jose, CA). It was dissolved in 1mg/mL stock solution in sterile distilled water and stored 

at -20oC. Sphingosine-1-Phosphate, obtained from Avanti Polar Lipids, (Alabaster, AL) 

was  stored as 125 µM stock in sterile distilled water containing 4 mg/mL BSA. For each 

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

containing DMEM with 10% FBS or 10% NBCS, 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 (Roche, Indianapolis, IN). To stimulate the cells, aliquots of 

the LPA stock solutions were thawed, sonicated, and dissolved to working concentrations 

in the serum-free media.  

 

2.4 Cell Proliferation: Enumeration 

Equal number of cells (3x 105) were seeded in 60 mm culture dishes with media 

containing 10% FBS or 10%NBCS and allowed to adhere overnight.  Cells were then 

incubated in serum-free media for 24 hours after washing twice with PBS.  Cells were 
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then stimulated with 2 µM LPA dissolved in serum-free media or with appropriate 

controls.  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 % NBCS, and counted with a hemocytometer.  

Cells were counted in this manner immediately before stimulation (0 hour), and at  24, 

48, and 72 hours, and 96 hours. 

 

2.5 RNA Extraction/cDNA Synthesis 

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 RT-PCR System (Invitrogen, Carlsbad, 

CA) using a 5 µg aliquot of total RNA for cDNA synthesis. 

 

2.6 RT-PCR 

An aliquot of total RNA (2 µg) was converted to cDNA using the Thermoscript RT-PCR 

System as described above. 2 µl of the resultant 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 (Noguchi et al., 2003, 

Sawada et al., 2002): 

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

GTGGTCATTGCTGTGAACTCCAGC-3’);  

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

TGCTGTGCCATGCCAGACCTTGTC-3’);  
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LPA3 specific forward (5’- TTAGCTGCTGCCGATTTCTT-3’) and reverse (5’-

ATGATGAGGAAGGCCATGAG-3’).  

The PCRs were carried out using the following reaction conditions: Initial denaturation 

was conducted for 3 minutes at 94 oC , followed by 30 cycles at 94 °C for 3 minutes and 

30 seconds, 55 °C for 2 minutes, 72 °C for 11 minutes. The final extension step was 

conducted at 72 oC for 10 minutes. The Glyceraldehyde-3-Phosphate Dehydrogenase 

(GAPDH ) specific forward (5’-GTGAAGGTCGGTTGTGAACGG-3’) and reverse (5’-

GATGCAGGGATGATGTTCTG-3’) primers were used as a loading control.  GAPDH 

was amplified with an initial denaturation of 2 minutes at 94 oC followed by  33 cycles at 

94 °C for 30 seconds, 58 °C for 1 minute, and  72 °C for 1 minute. The amplification 

products were analyzed by 1% agarose gel electrophoresis. 

 

2.7 Stable Transfections 

C-terminal minigene constructs for Gα13 (CT-13) were constructed of 12 amino-acid 

spanning sequences: LHDNLKQLMLQT. The DNA sequences encoding these peptides 

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

Carlsbad, CA) which was modified to express the inserts as HA-tagged peptides 

(Jayaraman and Dhanasekaran, unpublished data).  These constructs were transfected into 

BxPC3, MDAPanc28, MiaPaCa2, Dan G 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 
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approximately 40 % confluence.  After 24 hours, the cells were inspected for any signs of 

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

selected from the transfectants using a G418 antibiotic selection protocol following the 

procedures described by Dermott and 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 was changed to 10 % FBS containing 200 

µg/mL 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/mL G418.  When the cells became confluent, they were 

expanded in 100 mm culture dishes.   

 

2.8 Cell Lysis  

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

Cells were washed thrice with cold PBS (pH 7.4) and then lysed with either kinase 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 
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for 20 minutes, the supernatant was removed and protein quantification was carried out 

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

(BioRad, Hercules, CA). 

 

2.9 Immunoprecipitation 

Immunoprecipitations were carried out by incubating cell lysate protein (1mg each) with 

1 µg of appropriate antibodies for 16 hours at 4o C followed by incubation with 20 µL of 

50% protein A Sepharose beads (Amercham Biosciences Corp, Piscataway, NJ) for 2 

hours  at 4oC. After repeated washes with cell lysis buffer, the immunoprecipitated 

proteins were separated by SDS-PAGE and electroblotted on PVDF membranes for 

immunoblot analysis. 

 

2.10 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) antibodies were purchased from Cell Signaling 
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Technology (Danvers, MA).  MKK-3 (sc-961). MKK-6 (sc-1991), MKK-7 (sc-7104), 

MEK-4 (sc-837), MEKK-1 (sc-sc-252), and MEKK-2 (sc-1089) antibodies were 

purchased from Santa Cruz Biotechnology.  Phospho-specific P-MEK1 (#9121S), and P-

MKK-3 (#9231A) antibodies were purchased from Cell Signaling Technology. 

Antibodies for c-Met (C-28) (#sc-161) were obtained from Santa Cruz Biotechnology, 

Inc.  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). 

 

2.11 SDS-PAGE 

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

protein of interest. The gels were constructed using BioRad Mini-Protean System III 

(BioRad, Hercules CA). The proteins were separated using a high concentration (750 

mM) of Tris-HCL (pH 8.8), which increases the resolution (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. 

 

2.12 Transfer 

Transfer of proteins was carried out according to previously published procedures 

(Matsudiara, 1987). The gels were soaked in transfer buffer [10 mM CAPS (pH 11.0), 20 

% methanol] for 10 minutes. Immobilon-P PVDF membrane (Millipore, Bedford MA) 
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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 a BioRad Mini-

Protean System III transfer apparatus (BioRad, Hercules CA)  set 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 

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. 

 

2.13 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 in TBS-T [20 mM 

Tris-Cl (pH 7.4), 150 mM NaCl, 0.1 % Tween-20] for 1 hour at room temperature.  After 

a brief rinse with TBS-T, western blots were treated 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.  Immunoblots were treated with the 

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

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

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

Chemiluminescence was detected by exposing the immunoblots to autoradiography film 
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(Phoenix Research Products, Hayward CA) for times ranging from 5 seconds to 20 

minutes.   

 

2.14 Multiscreen Immunoblot Analysis 

Multiscreen immunoblot analysis was conducted with the Mini-Protean-II Multiscreen 

Apparatus (BioRad, Hercules CA). Briefly, 1 mg of protein from lysates was separated 

on 12%, SDS-PAGE. The gels were made using BioRad Mini-Protean System III 

(BioRad, Hercules CA), with a stacking gel cast with the Mini-Protean II preparative 

comb consisting of 1 large sample well and 1 reference well. The gel contained high 

concentration (750 mM) of Tris-HCL (pH 8.8). 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. Transfer to 

PVDF was conducted as previously described in the procedures established by Sambrook 

et al., 2001. 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 in TBS-

T [20 mM Tris-Cl (pH 7.4), 150 mM NaCl, 0.1 % Tween-20] for 1 hour at room 

temperature.  After a brief rinse with TBS-T, the membrane was loaded into the Mini-

PROTEAN II Multiscreen Apparatus. Immunoblot analysis was conducted by incubating 

600 µL of primary antibody, diluted in 5 % milk in TBS-T, for either 1 hour at room 

temperature or overnight at 4º C within the appropriate channel of the apparatus. Each 

channel was then washed three times with TBS-T. Each channel was then treated with 

600 µL the appropriate peroxidase-conjugated secondary antibody diluted in 5 % milk 

with TBS-T for 1 hour at room temperature. After 3 washes with TBS-T, the immunoblot 
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apparatus was disassembled and the immunoblot was 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 times ranging from 5 seconds to 20 minutes.   

 

2.15 c-Met Autokinase Assays 

The c-Met kinase assay was adapted from the immune complex  kinase assay described 

according to the methods established by Vara Prasad et al., 1995. Briefly, 1x106 cells 

were seeded in a 100mm culture dish with media containing 10% FBS and allowed to 

adhere. After washing twice with PBS(pH7.4) the cells were serum starved for 16hrs. 5 

minutes prior to harvesting the cells were treated with 10% NBCS, 2 µM LPA, 10 µM 

TRAP, 1 µM S1P.  After washing with PBS (pH 7.4) cells were lysed with 400 µL of 

kinase 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]  on ice 

for 30 minutes, clarified by centrifugation at 15,000 g at 4 oC, and protein estimated using 

the Bradford assay (BioRad, Hercules CA). 100 µg of protein was immunoprecipitated as 

previously described using 1µg of the c-Met (C-28) antibody (Santa Cruz) for two hours 

at 4º C in a rotator.  Samples were then incubated with 20 µL of a 50% slurry of protein 

A Sepharose for 1 hr at 4 oC.  Following incubation, the beads were washed three times 

with kinase lysis buffer and once with kinase reaction buffer [20 mM HEPES (pH 7.6), 

20 mM β-glycerophosphate, 10 mM Na3VO4].  The kinase reaction was carried out by 

resuspending the beads in 40 µL of kinase reaction buffer containing 20 µM [γ-32P] ATP 
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(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 followed by boiling 

of the samples at 100 oC for three minutes.  The proteins were resolved on 12 % SDS-

PAGE.  The gel was dried, and visualized by autoradiography. 

 

2.16 Wound Healing Assays 

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

detailed in Shan et al., 2006.  1 x 106 cells were seeded into 35 mm culture dishes with 

media containing 10 % FBS or 10% NBCS, 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 100 X magnification) were selected at 

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

Kodak MDS 290 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 2 µM LPA, 10% NBCS, or serum-free media alone for 

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

 

2.17 Thin Layer Collagen Coating 

Rat tail collagen, type 1 was obtained from BD Biosciences (Discovery Labware, 

Bedford, MA). Where indicated it was applied as a thin coating to the cell culture inserts 

(#353097 PET membrane with 8.0 µm pores, BD Biosciences, Franklin Lakes, NJ) for 
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transwell analysis. Briefly, rat tail collagen, type 1 was diluted in 0.02 N glacial acetic 

acid to a concentration of 50ug/mL. Cell culture inserts were incubated with 300 µl of the 

working concentration at 37 0C in a humidified chamber for 16hr. Prior to plating the 

appropriate cells the inserts were removed from the incubator and the remaining solution 

was aspirated. Cell culture inserts where then rinsed three times with PBS (pH 7.4) The 

inserts with a thin layer collagen coating were then used immediately or stored at 4 0C for 

a period of up to 1 week prior to use in a transwell analysis. 

 

2.18 Transwell Assays 

Cell migration was also monitored using a 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 105 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 2 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 100 X magnification 

and the number of migrated cells was enumerated. The images shown are representative 

of the three independent experiments, each performed with triplicate fields of view, to be 

used for the statistical analysis. 
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2.19 Statistical Analysis 

Statistical analysis were conducted and displayed graphically using GraphPad Prism 

version 4.0 (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).   
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Chapter 3 

Evaluation of the Role of Lysophosphatidic Acid in the Progression of Pancreatic 

Adenocarcinoma 

3.1 Introduction 

 GPCR signaling modules have been increasingly implicated in the genesis and 

progression of pancreatic cancers (Ryder et al., 2001, Yamada et al., 2004). Aberrant 

agonist production, receptor expression and dysfunctional signaling, resulting from 

genomic instability in a background of a heterotopic tumor-stromal microenvironment, 

contributes to the initiation, progression, and eventual metastasis of the disease 

(Marinissen and Gutkind, 2001, Mills and Moolenaar, 2003). The GPCR agonists gastrin, 

bombesin, cholecystekinin, somatostatin, thrombin, neurotensin, angiotensin, 

vasopressin, S1P and LPA along with their cognate receptors  have all been implicated in 

this process (Ryder et al., 2001, Smith, et al., 1996, 1999; Kaufmann et al., 1997; Avis et 

al., 1993; Wang et al., 1996)  

 LPA, itself, is of particular interest as it has been shown to be a potent stimulant 

of metastatic behavior in in vitro models and acts as a mitogen inducing proliferation and 

invoking cell survival pathways in various normal and transformed cell lines (Stahle et 

al., 2003, Yamada et al., 2004, Shida et al., 2004, Mills and Moolenar, 2003).  In patients 

with pancreatic cancer, LPA is detectable at increased levels in both serum and malignant 

ascites (Yamada et al, 2004). Studies have also shown that the exogenous addition of 

LPA induces migration in several pancreatic cancer cell lines at a level concomitant to 

that of the ascitic fluid (Yamada et al., 2004). It has also been noted from these studies 

that cell lines expressing higher levels of the LPA receptors present with greater motility 
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and that this response may be abrogated through an siRNA directed against LPA1 

(Yamada et al., 2004). Taken together, these studies indicate that LPA contributes to the 

genesis and progression of pancreatic cancer and may ultimately promote the 

dissemination of the disease. However, relatively little is known about the signaling 

mechanisms underlying these responses. Thus, it is of critical importance to evaluate the 

underlying signal transduction pathways mediating LPA dependent responses and to 

identify the receptors involved in these processes along with their cognate G proteins  In 

order to gain further insights into the mechanisms underlying the oncogenic potential of 

LPA in pancreatic cancers a panel of pancreatic cancer cell lines consisting of BxPC3, 

DanG, MDAPanc28, and MiaPaCa2 cell lines was assembled and analyzed for the 

presence of different LPARs and their cognate Gα-subunits. 

  

3.2 Results 

3.2.1 Defining LPA Receptor expression in pancreatic cancer cell lines BXPC3, 

DanG, MDAPanc28, and MiaPaCa2. 

 To date, four distinct LPA receptors belonging to the EDG family of GPCR’s 

have been described including LPA1/EDG-2, LPA2/EDG-4, LPA3/EDG-7, and the 

LPA4/GPR23 (Radeff-Huang et al., 2004). However, the identity of the fourth receptor, 

LPA4/GPR23, has not been fully resolved as it lacks significant sequence homology with 

the remainder of the LPA receptors and more closely resembles the purinergic family of 

GPCR’s.  Differential expression of these receptors has been reported in cancer cell lines 

(Yamashita et al.,2006). To define the expression profiles of the LPA receptors used in 

this study we carried out RT-PCR analyses using LPAR type-specific primers following 
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the methods described under Materials and Methods. (Sawada et al., 2002; Noguchi et 

al., 2003). The results shown in Figure 4a demonstrated that LPA2 is ubiquitously 

expressed whereas LPA1 is expressed in BxPC3, DanG, and MDAPanc28 cell lines, but 

is not expressed or expressed in undetectable levels in MiaPaCa2. Conversely, LPA3 is 

expressed in BxPC3, DanG, and MiaPaCa2 lines but is not expressed or is expressed at 

undetectable levels in MDAPanc28cells.   

 To investigate whether mRNA expression levels corresponded with the translated 

protein levels of the LPA receptors in BxPC3, DanG, MDAPanc28 cells, and MiaPaCa2 

cell lines immunoblot analysis was conducted utilizing commercial antibodies to LPA1, 

2, and 3 obtained from Abgent (San Diego, CA). Lysates were prepared as described in 

the Materials and Methods and the proteins were separated by SDS-PAGE. These results 

seen in Figure 4b demonstrate ubiquitous expression of LPA1 and LPA2 in all of the cell 

lines. However, it should be noted that the expression of LPA1 in the MiaPaCa2 cell line 

is nominal. An immunoblot analysis carried out with antibodies to LPA3 failed to show 

expression in any of these cell lines (data not shown). However, it is not clear whether 

this is a true representation or if it is due to the relatively uncharacterized LPA3 

antibodies used in these studies.  
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Fig 4: LPA 1, LPA 2, and LPA 3 Receptor Expression. 

A.  RT-PCR: Total RNA (2 µg) from BXPC3, DANG, MiaPaCa2, and MDAPanc28 

cells was used for the reverse transcription reaction. Negative control consisted of the 

RT-PCR reaction without cDNA added to the mixture. PCR was carried out as 

described in the Materials and Methods, with specific primers for each  of the LPA 

receptors as described in Materials and Methods. A separate reaction was run with 

primers for GAPDH to serve as a loading control.  

B. Immunoblot: Lysates (50 µg) from BxPC3, DanG, MDAPanc28 and MiaPaCa2.  

prepared as described in Materials and Methods, were separated by 10% SDS PAGE 

and subjected to sequential rounds of immunoblot analysis with LPA1, LPA2, LPA3,  
and GAPDH (to monitor equal loading of proteins) antibodies.  Between probes the 

blot was stripped and washed with TBST.  
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3.2.2 Defining Gα expression in pancreatic cancer cell lines BXPC3, DanG, 

MDAPanc28, and MiaPaCa2.  

 The LPA1/EDG-2, LPA2/EDG-4, LPA3/EDG-7, and the LPA4/GPR23 receptors 

transmit their signals through specific heterotrimeric G Proteins. These receptors have 

been shown to couple to the Gi, Gq, or G12 family of heterotrimeric G proteins (Radeff-

Huang et al., 2004; Stahle et al., 2003, Radhika, et al., 2005). Consequently, signals 

transduced through these receptors have been shown to stimulate Gαi, Gαq, and Gα12/13-

dependent pathways (Mills and Moolenaar, 2003; Radeff-Huang et al., 2004; Stahle et 

al., 2003; Radhika et al., 2005). This leads to the activation of downstream effectors in a 

context specific manner which is thought to play a dominant role in tumor progression.   

 Therefore, it is of interest to define the expression profiles of Gαi, Gαq, and 

Gα12/13. With this in mind an immunoblot analysis was conducted in BxPC3, DanG, 

MDAPanc28, and MiaPaca2 pancreatic cancer cells, to define the expression of the 

respective heterotrimeric G-proteins within each line. As described in the Materials and 

Methods, lysates were prepared from each of these cell lines and subjected to SDS-PAGE 

electrophoresis. The immunoblot was subjected to sequential rounds of analysis with 

antibodies directed against Gαi, Gαq, Gα12, and Gα13, Antibodies to GAPDH were used to 

determine loading control. The results of this analysis, demonstrated in Fig 5, show a 

differential expression of Gαi, with expression in BxPC3, and DanG cell lines, but no or 

undetectable levels of expression in MDAPanc28 and MiaPaCa2 cells. Concurrently 

there are ubiquitous but variable levels of expression of Gαq, Gα12, and Gα13 in each of 

the pancreatic cancer cell lines.  



 47

 

 

 

 

Fig 5: Expression of Gαi, Gαq, Gα12, and Gα13. 

Lysates (50 µg) from BxPC3, DanG, MDAPanc28 and MiaPaCa2.  

prepared as described in  Materials and Methods, were separated 

by 10% SDS PAGE and subjected to sequential rounds of 

immunoblot analysis with Gαi, Gαq, Gα12, and Gα13, and GAPDH 

antibodies.  Between probes the blot was stripped and washed with 

TBST. (n=3) 
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3.2.3 Defining the Mitogenic Potential of LPA in Pancreatic Cancer Cells.  

LPA is a potent mitogenic factor inducing signaling modules resulting in cell 

proliferation in a variety of normal and transformed cell types including RAT1, NIH3T3, 

HELA, PC12, vascular smooth muscles, astrocytes, as well as breast, ovarian and 

prostate cancer cells. (Mills and Moolenaar, 2003, Radeff-Huang et al., 2004).  Similarly, 

LPA activates cell survival pathways protecting against apoptosis in  fibroblasts, 

osteoblasts, hepatocytes, intestinal epithelial cells, and  ovarian cancer cells. However, in 

pancreatic cancer cell lines LPA has been reported to function as a stimulator of cell 

migration rather than as a mitogen (Stahle et al., 2003). To verify such cell type-specific 

signaling of LPA, we assessed the growth promoting effects of LPA in the pancreatic 

cancer cell lines BxPC3, DanG, MDAPanc28, and MiaPaCa2.  Equal numbers of cells 

were plated and grown in DMEM supplemented with serum free media control, serum 

free media with  2 µM LPA, or 10% NBCS. Cells were enumerated every 24 hours for 96 

hours. The results shown in Figure 6 are consistent with published reports indicating that 

LPA does not provide a mitogenic stimulus in most pancreatic cancer cells. Neither 

MDAPanc28 nor MiaPaCa2 cell lines show a proliferative response. DanG cell lines 

initially showed some growth at 24 hours when stimulated by either 2 µM LPA or 10% 

NBCS but proliferation was not sustained beyond that point. Interestingly, the results 

indicates LPA does induce a proliferative response in BxPC3 cells roughly equivalent to 

that of 10% NBCS (Fig 6a). Further analysis (Fig 7c) indicated that stimulation with LPA 

(2 µM) resulted in increased cell numbers at the 48, 72, and 96hr timepoints as opposed 

to serum-free media control. To verify this response a separate experiment was conducted 

in MDAPanc28 cells (Figure 8). Equal numbers of cells were plated and grown in 
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DMEM supplemented with serum free media control, serum free media with 2 µM LPA, 

or 10% NBCS. Cells were harvested and enumerated every 24hours for 120 hours. These 

results confirm that LPA treatment elicits an increase in cell number from the 48 hr 

timepoint onward compared to the untreated control..  
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Figure 6: LPA promotes proliferation in BxPC3 but does not support 

proliferation in DanG, MDAPanc28, and MiaPaCa2.   

For each cell, line 3x105 cells were plated in triplicate in 60 mm culture dishes and 

allowed to adhere for 24 hrs. Cells where then serum starved as described in  

Materials and Methods and stimulated with serum free media, 2 µM LPA, or 10% 

NBCS. At 24 hour intervals following stimulation (t = 0) cells were trypsinized and 

counted on a hemocytometer. A. BxPC3 B. DanG C. MDAPanc28 D. MiaPaCa2. (n 

= 3, Mean + SEM). 
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Figure 7: LPA induces proliferation in BxPC3 cells  and results in increased cell 

numbers in MDAPanc28 cells. 

For each cell line, 3x105 cells were plated in triplicate in 60 mm culture dishes and 

allowed to adhere for 24 hrs. Cells where then serum starved as described in the 

Materials and Methods and stimulated with serum free media or 2 µM LPA At 24 

hour intervals following stimulation cells were trypsinized and counted on a 

hemocytometer. A. BxPC3 B. DanG C. MDAPanc28 D. MiaPaCa2. (n = 3, Mean + 

SEM). 
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Figure 8: LPA sustains increased cell numbers in MDAPanc28 Cells vs Serum 

Free Controls 

MDAPanc28 cells (2x104) were plated in triplicate in 35 mm culture dishes and 

allowed to adhere for 24 hrs. Cells where then serum starved as described in the 

Materials and Methods and stimulated with serum free media, serum free media 

containing  2 µM LPA, or 10% NBCS. At 24 hour intervals following stimulation 

cells were trypsinized and counted on a hemocytometer. (n = 3, Mean + SEM). 
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3.2.4 Defining the Metastatic Potential of LPA in Pancreatic Cancers 

 LPA has been shown to modulate tumor cell migration and invasion in addition to 

malignant growth in a number of cell types. However, in pancreatic cancers, as opposed 

to other cancer models, LPA has been reported to function primarily as an efficacious 

stimulator of cell migration.  As previously stated, the exogenous addition of LPA to 

various pancreatic cancer cell lines results in the marked induction of migration (Stahle et 

al., 2003, Yamada et al., 2004). This is consistent with various tumor models 

demonstrating that LPA serves as a potent stimulant of metastatic behavior (Stahle et al., 

2003, Yamada et al., 2004, Shida et al., 2004, Mills and Moolenaar, 2003). To verify 

these reports two separate sets of assays were carried out to monitor motility of these 

cells in response to LPA. The first, simple wound healing assays as  shown in Figures 9-

12, were conducted to assess the ability of LPA to stimulate migration in pancreatic 

cancer cell lines BxPC3, DanG, MDAPanc28 and Mia PaCa2. Wound healing assays 

have been well established as an objective but qualitative measure of cell motility. 

“Wound healing” is achieved as cells migrate along a random path into the cell free space 

thus “healing” the wound.  The protocols for wound healing assays were adapted from 

previously published procedures (Stahle et al., 2003). Briefly, 1x106 BxPC3, DanG, 

MDAPanc 28 and Mia PaCa2 pancreatic cancer cells were seeded in a 35 mm plate. After 

24 hours, these cultures were washed twice with 5 mL of PBS and serum starved for 16 

hrs. Two hours prior to wounding, these cells were treated with 10 µg/mL Mitomycin C 

which inhibits cell proliferation (Stahle et al., 2003). Cell-free space was created by 

scraping the monolayer with a 200 µL pipette tip. Cells were washed twice with PBS to 

remove debris, then stimulated with either serum free media,  serum free media with 2µ 

M LPA, or 10% FBS.  FBS was used as a positive control since it contains many growth- 

as well as migration- promoting ligands including LPA.  For each assay triplicate fields 

were photographed at t = 0 hr and t = 24 hr. These assays were quantified by estimating 

the percentage of wound closure at 24 hrs time-point. This calculation was made using 

the formula:  (Width of the wound at 0 hr – Width of the wound at 24 hr)/(Width of the 

wound at 0 hr).  
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Figure 9: LPA promotes migration in BxPC3 Pancreatic Cancer Cells. 

BxPC3 pancreatic cancer cells (1x106) were seeded into 35 mm culture dishes in 

triplicate with media containing 10 % FBS and allowed to adhere overnight. Cells 

were washed 3 times with PBS and incubated in serum-free media for 24 hours.  A 

linear scratch wound was made across the cell monolayer as described in the 

Materials and Methods. The cells were washed with serum-free media to remove 

cellular debris and imaged at 100 X magnification. The cells were then incubated 

with serum-free media containing serum free media 2 µM LPA, 10 µM LPA, or 10% 

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

Wound closure was calculated in triplicate along the length of the field according to 

the formula: (Width of the wound at 0 hr – Width of the wound at 24 hr)/(Width of 

the wound at 0 hr). (n = 3, Mean + SEM). 
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Figure 10: LPA promotes migration in DanG cells. 

DanG pancreatic cancer cells (1x106) were seeded into 35 mm culture dishes in 

triplicate with media containing 10 % FBS and allowed to adhere overnight. Cells 

were washed 3 times with PBS and incubated in serum-free media for 24 hours.  A 

linear scratch wound was made across the cell monolayer as described in the 

Materials and Methods.  The cells were washed with serum-free media to remove 

cellular debris and imaged at 100 X magnification. The cells were then incubated 

with serum free media, serum free media containing 2 µM LPA, or 10% FBS.  After 

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

calculated by overlaying the 0 hr field with the 24 hr field and enumerating the cells 

migrating into the boundaries of the initial wound. (n = 3, Mean + SEM). 
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Figure 11: LPA promotes migration in MDAPanc28 cells 

MDAPanc28 pancreatic cancer cells (1x106) were seeded into 35 mm culture dishes 

in triplicate  with media containing 10 % FBS and allowed to adhere overnight. Cells 

were washed 3 times with PBS and incubated in serum-free media for 24 hours.  A 

linear scratch wound was made across the cell monolayer as described in the 

Materials and Methods.  The cells were washed with serum-free media to remove 

cellular debris and imaged at 100 X magnification. The cells were then incubated 

with serum-free media containing serum free media 2 µM LPA, or 10% NBCS.  After 

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

was calculated in triplicate along the length of the field according to the formula: 

(Width of the wound at 0 hr – Width of the wound at 24 hr)/(Width of the wound at 0 

hr). (n = 3, Mean + SEM). 
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Figure 12: LPA promotes migration in MiaPaCa2 cells 

MiaPaCa2 pancreatic cancer cells (1x106 ) were seeded into 35 mm culture dishes in 

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

washed 3 times with PBS and incubated in serum-free media for 24 hours.  A linear 

scratch wound was made across the cell monolayer as described in the Materials and 

Methods.  The cells were washed with serum-free media to remove cellular debris and 

imaged at 100 X magnification. The cells were then incubated with serum-free media  

containing serum free media 20 µM LPA, or 10% NBCS.  After 24 hours incubation, 

the fields of view were identified and re-imaged. Wound closure was calculated in 

triplicate along the length of the field according to the formula: (Width of the wound at 

0 hr – Width of the wound at 24 hr)/(Width of the wound at 0 hr). (n = 3, Mean + SEM). 
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These results indicate increased motility in BxPC3, DanG, MDAPanc28, and MiaPaCa2 

cell lines in response to LPA.  Notably, the strongest responses compared to the serum 

free media controls were seen in the BxPC3 and MDAPanc28 cell lines. Similar, though 

somewhat weaker, responses were observed in DanG and MiaPaCa2 cell lines. In the 

case of MiaPaCa2, it was determined that 20 µM LPA was required to elicit a response 

similar to that seen through stimulation of the other cell lines with 2 µM LPA. To further 

quantify these responses a series of transwell migration assays as described by Rhadika et 

al (2004) were conducted.  The transwell migration assay relies on a series of chambers 

separated by a porous semipermeable membrane. It allows for an analysis of directional 

cell motility. Cells seeded in the upper chamber are separated from the companion plate 

by a PET membrane studded with 8.0 µM pores. A chemoattractant, in this case 500 µL 

media containing 2 µM LPA or 10 % FBS is placed in the lower chamber of the 

companion plate. The cells were incubated for 24 hours during which time the migrating 

cells extravasate through the porous membrane. These cells remain attached to the 

opposite or distal side of the membrane.  Non-migrating cells on the proximal side of the 

inserts are removed with a cotton swab and the migrated cells on the distal side of the 

insert were fixed and stained with Hemacolor. Images obtained of random fields of view 

at 100 X magnification and the number of migrated cells are enumerated. The images 

shown are representative of the three independent experiments, each performed with 

triplicate fields of view. 
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Figure 13: LPA promotes transwell migration in BxPC3 cells.  

BxPC3 cells (5 x 105)suspended in 200 µL serum-free media were placed in the upper 

well of the transwell insert. Each well of the companion plate contained 500 µL media 

containing serum-free media control or serum-free media containing 10 µM LPA.  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 100 X magnification and the number of migrated cells was enumerated. The images 

shown are representative of the three independent experiments, each performed with 

triplicate fields of view. (n = 3, Mean + SEM). 
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Figure 14: LPA promotes migration in DanG cells. 

DanG cells (5 x 105) suspended in 200 µL serum-free media were placed in the upper 

well of the transwell insert. Each well of the companion plate contained 500 µL media 

containing serum-free media control or serum-free media containing 10 µM LPA.  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 100 X magnification and the number of migrated cells was enumerated. The images 

shown are representative of the three independent experiments, each performed with 

triplicate fields of view. (n = 3,Mean + SEM). 
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Figure 15: LPA promotes migration in MDAPanc28 Cells 

MDAPanc28 cells (5 x 105) suspended in 200 µL serum-free media were placed in the 

upper well of the transwell insert. Each well of the companion plate contained 500 µL 

media containing serum-free media control or serum-free media containing 10 µM LPA.  

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

images shown are representative of the three independent experiments, each performed 

with triplicate fields of view. (n = 18, Mean + SEM). 
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Figure 16: LPA promotes migration in MiaPaCa2 cells 

MiaPaCa2 cells (5 x 105) suspended in 200 µL serum-free media were placed in the 

upper well of the transwell insert. Each well of the companion plate contained 500 µL 

media containing serum-free media control or serum-free media containing 10 µM LPA.  

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

images shown are representative of the three independent experiments, each performed 

with triplicate fields of view. (n = 3, Mean + SEM). 
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Similarly, these results clearly demonstrate a directional migration elicited by LPA in 

BxPC3, DanG, MDAPanc28, and MiaPaCa2 cell lines.  

 

3.2.5 Defining the Role of LPA in Invasive Migration  

 Thus far these studies have shown that LPA promotes proliferation and in a cell 

type dependent fashion, and it stimulates a potent migratory response in pancreatic cancer 

cell lines. To further analyze the role of LPA in promoting a metastatic phenotype by 

examining the ability of LPA to stimulate invasive migration. Invasive migration was 

assayed by determining the ability of cells to invade through the synthetic membrane as 

previously described (Casey et al., 2000, Sood et al., 2004). Cell culture inserts were 

coated with 50 µg/ml of type I rat tail collagen prior to use in these assays. As previously 

described cells were plated in the upper well of the  cell culture insert and a 

chemoattractant, either 500 µL media containing serum-free media control, serum-free 

media containing 2 µM LPA or 10 % FBS was placed in the lower chamber of the 

companion plate. The cells were then incubated for 24 hours during which time migrating 

cells that could invade through the collagen coated membrane. Cells migrating to the 

distal side were fixed and stained with hemacolor whereas those cell remaining on the 

proximal side were removed. Images obtained of random fields of view at 100 X 

magnification and the number of migrated cells were enumerated. The images shown are 

representative of the three independent experiments, each performed with triplicate fields 

of view, to be used for the statistical analysis. 

 The results of these studies, as seen in Figures17-20, demonstrate that LPA 

promotes invasive migration in a cell type specific fashion. The most striking result seen 
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in Figure 17 demonstrates that LPA induces extensive invasive cell migration in BxPC3 

cells in the presence of a type 1 collagen matrix. This response appears to be synergistic. 

Similarly there was increased invasive migration in MDAPanc28 cells (Fig 19). 

However, a change in invasive migration following stimulation with LPA in DanG and 

MiaPaCa2 cells was not observed.  
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Figure 17: LPA induced migration is enhanced by the interaction of BxPC3 cells 

with type 1 collagen.  

Prior to the chamber assay the transwell inserts were coated with a thin layer of type 1 

collagen as described in the Materials and Methods. Subsequently, 5 x 105 BxPC3 cells 

suspended in 200 mL serum-free media were placed in the upper well of the transwell 

insert. Each well of the companion plate contained 500 mL media containing serum-

free media control or serum-free media containing 10 µM LPA.  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 

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

shown are representative of the three independent experiments, each performed with 

triplicate fields of view. (n = 3, Mean + SEM).
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Figure 18: LPA induced migration is not enhanced by the interaction of DANG 

cells with type I collagen. 

Prior to the chamber assay the transwell inserts were coated with a thin layer of type 1 

collagen as described in the Materials and Methods. Subsequently, 5 x 105 DanG cells 

suspended in 200 mL serum-free media were placed in the upper well of the transwell 

insert. Each well of the companion plate contained 500 mL media containing serum-

free media control or serum-free media containing 10 µM LPA.  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 

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

shown are representative of the three independent experiments, each performed with 

triplicate fields of view. (n = 3, Mean + SEM). 
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Figure 19: LPA induced migration is enhanced by the interaction of MDAPanc28 

with a type I collagen matrix. 

Prior to the chamber assay the transwell inserts were coated with a thin layer of type 1 

collagen as described in the Materials and Methods. Subsequently, 5 x 105 MDAPanc28 

cells suspended in 200 mL serum-free media were placed in the upper well of the 

transwell insert. Each well of the companion plate contained 500 mL media containing 

serum-free media control or serum-free media containing 10 µM LPA.  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 

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

shown are representative of the three independent experiments, each performed with  

triplicate fields of view. (n = 3, Mean + SEM). 
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Figure 20: LPA  induced migration is not enhanced by the interaction of 

MiaPaCa2 cells with a type I collagen. 

Prior to the chamber assay the transwell inserts were coated with a thin layer of type 1 

collagen as described in the Materials and Methods. Subsequently, 5 x 105 MiaPaCa2 

cells suspended in 200 mL serum-free media were placed in the upper well of the 

transwell insert. Each well of the companion plate contained 500 mL media containing 

serum-free media control or serum-free media containing 10 µM LPA.  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 

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

shown are representative of the three independent experiments, each performed with 

triplicate fields of view. (n = 3, Mean + SEM). 
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3.3 Discussion 

 In summary, these studies have demonstrated that LPA in certain pancreatic 

cancer cell types acts as a mitogen promoting proliferation as well as an increase in cell 

numbers in BxPC3 and MDAPanc28 cell lines respectively. A proliferative response 

following stimulation with 2 µM LPA or 10% NBCS was noted at 24 hours in DanG 

cells, however, this response was not sustained throughout the time course. 

 LPA was also shown to be a potent stimulant of cell migration in these pancreatic 

cancer cell lines. There is potential for signaling through either LPA1 or LPA2 receptors 

in this process as, to varying degrees, each cell lines was shown to express both receptors.   

These findings are consistent with reports that LPA1 and 2 are thought to be principally 

involved in the regulation of cell motility (Stahle et al., 2003; Shida et al., 2004; Yamada 

et al., 2004). It is unclear at present what role the individual receptors have played in the 

responses observed herein. 

 An important finding presented here regards the absence or relative absence  of 

Gαi in MDAPanc28 and MiaPaCa2 as it is an indicator that pathways mediating a 

mitogenic or metastatic response in these cell lines must proceed through an alternate 

route. LPA for example is thought to promotes proliferation in a number of transformed 

cell types primarily through the Gαi dependent activation of the mitogen-activated protein 

kinase pathway involving the Ras-Raf-MEK-ERK1/2 module (Stahle et al., 2003). It is 

thought to promote cell survival through Gαi mediated activation of PI3K-AKT axis.  

(Radeff-Huang et al., 2004; Moolenaar et al., 2005). Similarly, cell migration has been 

shown to involve Gαi-dependent activation of the PI3K-Tiam1-Rac axis. In MDAPanc28 
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and MiaPaCa2 cell lines, however, the signaling modules that couple LPA to the 

downstream effectors are likely to be Gαi independent mechanisms. 

 Finally, lysophosphatic acid was shown to promote extensive invasive migration 

in BxPC3 and MDAPanc28 cells plated on a type 1 collagen matrix. This was not 

observed in DanG or MiaPaCa2 cell lines. In the case of MiaPaCa2 cells this may be 

explained by reports that MiaPaCa2 does not express the α2β1 integrin receptor that binds 

collagen type 1( Grezsiak and Bouvet, 2006). Consistent with published reports, it should 

be noted that collagen type 1 itself can promote a malignant phenotype in pancreatic 

cancers. For example an increased haptokinetic response has been noted in pancreatic 

cancer cell lines grown on a type 1 collagen matrix (Grezsiak and Bouvet, 2006). It is 

possible that the increased invasive migration noted following stimulation with LPA is a 

result of the α2β1 integrin induced downregulation of E-cadherin, which is thought to be 

an important step in the progression of metastatic phenotypes. The downregulation of E-

cadherin may be permissive of further growth factor induced migration as such an 

alteration would be expected to relax the mechanisms through which cells adhere to one 

another. The results in MDAPanc28, which may be additive, could indicate that 

migratory pathways stimulated by LPA and collagen type 1 are independent. However, it 

seems unlikely that the synergistic response noted in BxPC3 can be explained without 

additional signal transduction crosstalk between LPAR and integrin receptor (Keleg, 

2003, Greziak, 2007). Regardless, these studies demonstrate the importance of the tumor 

stromal microenvironment in the progression of pancreatic cancers in that the 

desmoplastic response - the deposition of ECM component consisting primarily of type 1 

collagen (Greziak, 2007) - has the potential to greatly increase the metastatic spread of 
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the disease through permissive or synergistic pathways cooperating with the migratory 

pathways induced by growth factors such as LPA.   

 

 

  



 

 

 

 

 

 

 

 

 

 

CHAPTER 4 

CHARACTERIZATION OF THE LPA-RESPONSIVE SIGNALING PATHWAYS 

IN PANCREATIC CANCER CELLS 
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Chapter 4 

Characterization of the LPA-responsive Signaling Pathways in Pancreatic Cancer 

Cells 

4.1 Introduction 

 The regulatory functions of G protein coupled cell surface receptors, such as the 

LPAR’s  have been shown to effect multiple signal transduction pathways including the 

mitogen cascade protein kinase modules (Johnson and Dhanasekaran, 1989, Fisher et al., 

2003) The Gi, Gq, and G12 families have each been shown to regulate ERK1/2, JNK, 

and p38MAPK in a context specific fashion (Goldsmith and Dhanasekaran, 2007) The Gi 

and G12 families of G proteins have further been shown to activate the PI3K-AKT axis 

(Martinez-Gac et al., 2004; Kumar et al., 2006). In addition GPCR’s, such as LPA, have 

been shown to regulate the transactivation of receptor tyrosine kinases such as EGFR and 

c-Met (Fischer et al., 2003). Thus, GPCRs exist within a complex signaling network that 

ultimately leads to context specific activation or inhibition of pathways resulting in 

changes in gene expression.   Such context specific activation or inhibition leads to 

processes such as cell proliferation, differentiation, apoptosis, and/or migration and is 

thought to play a key role in tumorigenesis (Gutkind, 2000). The role of these pathways, 

specifically within the context of LPA dependent migration in pancreatic cancer cells 

have not been well defined. Therefore, to further characterize these cell lines and the 

response induced through stimulation with LPA, the core components of the mitogen 

activated protein kinase cascades, as well as AKT were evaluated. In addition, studies 

were carried out to assess the role of RTK signaling in pancreatic cancer cells.  
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4.2 Results 

4.2.1 LPA Stimulates the Phosphorylation of ERK and JNK in the Pancreatic 

Cancer Cell lines BxPC3, DanG, MDAPanc28, and MiaPaCa2. 

 LPA receptors have been shown to regulate the ERK, JNK, and p38MAPK 

MAPKinase cascades (Goldsmith and Dhanasekaran, 2007). The activation of the 

mitogen activated protein cascades has been shown to be involved in LPA induced 

migration.  For example, it has been reported that the activation of ERK results in the 

transient translocation of P-ERK to focal contact sites at the leading edge of migrating 

PANC-1 pancreatic cancer cells following stimulation with LPA (Stahle et al., 2003). 

Inhibition of ERK via the MEK inhibitors PD98059 and U0126 has been shown to 

decrease LPA induced migration in Panc-1 and BxPC3 cells. Similarly inhibition of JNK 

though SP600125 results in decreased motility (Stahle et al., 2003). In pancreatic cancer 

cell lines these findings suggests a partial requirement for MAPK signaling in LPA 

induced migration. However the specific activation profiles present in BxPC3, DanG, 

MDAPanc28, and MiaPaCa2 cells following stimulation with LPA have not been 

described. Therefore it is of interest to define the signal transduction pathways activated  

by LPA in pancreatic cancer cell lines.   

 An expression profile focusing on the expression levels of the components of the 

MAP Kinase signal transduction cascade was carried out through a multiscreen 

immunoblot analysis which was conducted with the Mini-Protean-II Multiscreen 

Apparatus (Biorad, Hercules CA) as described in Materials and Methods (Fig. 21). After 

transfer the immunoblots from each cell line were probed with antibodies directed against 

the map kinase kinases MKK3/6/4/7 as well as the MAPKs ERK1/2, JNK1/2,  
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Figure 21: Expression of MKK 3/6, MKK4/7, ERK1/2, P38 MAPK, 

JNK1/2, and AKT.  

Lysates (1mg) from BxPC3, DanG, MDAPanc28 and MiaPaCa2, prepared 

as described in the Materials and Methods, were separated by 10% SDS 

PAGE and subjected to Multiscreen Immunoblot Analysis with  antibodies 

against  MKK3, MKK6, MMK4, MKK7, ERK1, ERK 2, p38MAPK, JNK1,  

JNK2, and AKT. A. BxPC3 B. Dan G C. MDAPanc28 D. MiaPaCa2 
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p38MAPK, and AKT. While this profile verifies expression of MKK3/6/7 as well as 

ERK1/2, JNK1/2, p38MAPK, and AKT, it indicates that there may be a differential 

expression in the levels of MKK4.  MKK4 (MAP2K4/SEK1) is a 45 kDA member of the 

dual-specificity kinase family, originally identified as a kinase involved in the stress-

activated protein kinase pathway by directly phosphorylating c-Jun NH2-terminal kinase 

(Dhanasekaran and Reddy, 1998). Genetic inactivation of MKK4 has been observed in a 

subset of pancreatic carcinomas, implicating deregulation of the stress-activated protein 

kinase pathway in pancreatic carcinogenesis. In patients with pancreatic cancers loss of 

MKK4 demonstrates a trend toward shorter survival. Patients with MKK4-negative 

carcinomas have approximately twice the risk of death as patiens with MKK4-positive 

carcinomas (Xin, et al., 2004). To verify these results an immunoblot analysis was carried 

out to compare the levels of MKK4 in each cell line. These results seen in Figure 22 

demonstrated decreased or absent expression of MKK4 in BxPC3 and MDAPanc28 cells.  

 To further characterize the response in BxPC3, DanG, and MDAPanc28 and 

MiaPaCa2 pancreatic cancer cell lines, an immunoblot analysis was carried out to assess 

the whether the ERK, JNK, or p38MAPK pathways were activated following stimulation 

with LPA. For each cell line, lysates were prepared from cells stimulated with serum free 

media, serum free media containing 2 µM LPA, or 10% NBCS for 10 min as described 

under the Materials and Methods. These samples were separated by 10% SDS PAGE and 

subjected to immunoblot analysis with P-ERK, P-JNK, and P-p38MAPK antibodies. The 

membranes where then stripped and reprobed with ERK, JNK and p38 antibodies. The 

results seen in Figure 23 show a weak stimulation of ERK following stimulation with  
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Fig 22: MKK4 is expressed in DanG and MiaPaCa2 cell lines but 

is expressed at very low or absent levels in BxPC3 and 

MDAPanc28 cells. 

 Lysates (50 µg) prepared as described in the Materials and Methods, 

were separated by 10% SDS PAGE and subjected to immunoblot 

analysis with anit-MKK4 antibodies. The stripped membrane was then 

reprobed with a GAPDH antibody. (n = 2) 
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LPA in DanG, MDAPanc28, and MiaPaCa2 cell lines. Conversely, a much more potent 

activation of JNK was observed in DanG, MDAPanc28, and MiaPaCa2 cell lines. 

However, BxPC3 cells showed a weaker activation of JNK in response to stimulation 

with LPA.  

 

4.2.2 LPA Stimulates the Phosphorylation of AKT in the Pancreatic Cancer Cell 

Lines DanG and MDAPanc28. 

 The role of AKT in cell survival and proliferation through the stimulation of 

expression of molecules involved in cell proliferation and the downregulation of those 

involved in apoptosis has been well characterized (Martinz-Gac et al., 2004). LPA has 

been shown to activate AKT through the Gαi-PI3K-AKT axis (Mills and Moolenar, 

2003). However the status of AKT following stimulation with LPA in BxPC3, DanG, 

MDAPanc28, and MiaPaCa2 cells has not been fully explored. To further characterize 

this response in these cell lines, cells were stimulated with 2 µM LPA for 10 min prior to 

harvesting. Lysates were prepared as described in the Materials and Methods and 

separated by 10% SDS PAGE and subjected to immunoblot analysis with antibodies to P-

AKT. The results seen in Figure 24 demonstrate an increase in the phosphorylation of 

AKT following stimulation with LPA in DanG pancreatic cancer cell lines. Similar but 

subdued activation of AKT was noted in MDAPanc28 cell lines. At the timepoint shown 

LPA failed to elicit an increase in P-AKT in either BxPC3 or MiaPaCa2 cells.  
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Figure 23: Stimulation of pancreatic cancer cell lines with LPA results 

primarily in JNK activation, accompanied by a minimal activation of 

ERK in DanG, MDAPanc 28, and MiaPaCa2 cell lines. 

As described in the Materials and Methods BxPC3, DanG, MDAPanc28 and 

MiaPaCa2 cells were stimulated with serum free media, serum free media 

containing 2 µM LPA, or 10% NBCS for 10 min prior to harvesting. Lysates 

(100 µg) prepared as described in the Materials and Methods, were 

separated by 10% SDS PAGE and subjected to immunoblot analysis with P-

ERK, P-JNK, and P-p38MAPK antibodies. The membranes where then 

stripped and reprobed with ERK, JNK and p38MAPK antibodies.  (n = 3) 
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Figure 24: LPA induces the phosphorylation of AKT in DanG, 

and MDAPanc28 cell lines.  

As described in the Materials and Methods BxPC3, DanG, 

MDAPanc28 and MiaPaCa2 cells were stimulated with serum free 

media or serum free media containing 2 µM LPA for 10 min prior to 

harvesting. Lysates (100 µg) prepared as described in the Materials 

and Methods, were separated by 10% SDS PAGE and subjected to 

immunoblot analysis with antibodies to P-AKT. The membranes 

where then stripped and reprobed with AKT and GAPDH antibodies. 

(n = 3)   
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4.2.3 LPA stimulates the transactivation of c-Met in MDAPanc28 cells.  

 Receptor crosstalk between GPCR’s and RTK’s has been observed in more than 

60 human carcinoma cell lines and has emerged as a general concept in signal 

transduction in a variety of cell types (Fisher et al., 2003). Previous studies have shown 

that LPA can stimulate RTK-mediated parallel signaling networks through the 

transactivation of specific RTKs (Piper and Zeuzem, 2004).  LPA has been shown to 

transactivate c-MET, the prototypic member of the scatter factor family of receptor 

tyrosine kinases (Fisher et al., 2004). The asynchronous activation of c-Met can lead to 

both tumor cell survival and invasive migration, and has been strongly associated with 

angiogenesis and the induction of metastasis (Gao & Vande Woude, 2005; Bolanos-

Garcia, 2005).  The observation that LPA can transactivate c-Met suggests the possibility 

that this mechanism could contribute to the adoption of a metastatic phenotype in 

MDAPanc28 cells. Therefore assays were carried out to evaluate whether LPA 

transactivates c-Met in MDAPanc-28 cells.  An autophosphorylation assay was carried 

out following the previously published procedures with appropriate modifications 

(Gebauer et al., 1999).  MDAPanc-28 pancreatic cancer cells were seeded at equal 

numbers, serum starved and then stimulated with either serum starvation media, 10% 

NBCS and 2 µM LPA. After 5 minutes of stimulation lysates were  prepared as described 

in the Materials and Methods.  c-Met was immunoprecipitated from 100 µg of the protein 

lysate with 1µg of the Met (C-28) antibody. The resultant immunoprecipitates were 

washed and an auto kinase reaction was carried out and resolved by SDS-PAGE.  The 

kinase activity was monitored by autoradiography. The results shown in Fig 25  
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Figure 25: Stimulation of MDAPanc28 cells with LPA leads to the 

transactivation of C-Met.  

As described in the Materials and Methods, MDAPanc28 cells were 

stimulated 5 minutes prior to harvesting with serum free media, serum free 

media containing 2 µM LPA, or 10% NBCS,  Lysates were prepared in 

with 400 µL of JNK lysis buffer on ice for 30 minutes. 100µg of protein 

was immunoprecipitated using 1µg of the c-Met (C-28) antibody.  

Following immunoprecipitation an in vitro autokinase assay was 

conducted.  The kinase reaction was carried out 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 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. 

The loading control consists of the 145 kDa c-Met band visualized 

through coomasie staining of the gel prior to drying. (n = 3) 
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demonstrate that the stimulation with LPA results in the transactivation of c-MET in 

MDAPanc 28 cells. 

 

4.2.4 Genistein inhibits LPA induced Migration in MDAPanc28 cells.  

 Since LPA has been shown to transactivate c-Met in MDAPanc28 pancreatic 

cancer cells and c-Met has been shown to promote invasive migration (Gao & Woude, 

2005, Bolanos-Garcia, 2005) it is possible that LPA-induced migration is partially 

dependent upon pathways mediated through the transactivation of c-Met. The GPCR 

induced transactivation of RTK, as a general concept, further suggest that LPA might 

transactivate alternate receptor tyrosine kinases which in turn contribute to the migratory 

response. Therefore, to investigate the contribution of RTK mediated signaling pathways 

to LPA induced migration wound healing assays were conducted in MDAPanc28 in the 

presences of genistein, an isoflavone that has been shown to nonspecifically inhibit 

receptor tyrosine kinases and nonreceptor tyrosine kinases.  MDAPanc28 cells were then 

incubated with serum-free media, serum-free media containing 200 µM genistein, serum-

free  media containing 2 µM LPA, serum-free media with 2 µM LPA and 200 µM 

genistein, 10% NBCS, or 10% NBCS with 200 µM genistein. As previously described a 

wound healing assay was carried out to monitor the effects of genistein. After 24 hours 

incubation the fields of view were reimaged and the migratory response was analyzed. 

The results, shown in Figure 26, demonstrate that genistein inhibits LPA induced 

migration in MDAPanc28 cells. No significant difference was observed in NBCS induced 

migration between those cells treated with genistein versus control.  
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Figure 26:  Genistein inhibits LPA dependent migration 

Wound healing assays were conducted as described in the Materials and 

Methods. The cells were then incubated with serum-free media, serum free 

media containing 200 µM genistein, serum free media containing 2 µM LPA, 

serum free media with 2 µM LPA and 200 µM genistein, 10% NBCS, or 10% 

NBCS with 200 µM genistein. After 24 hours incubation, the fields of view 

were identified and re-imaged. Wound closure was calculated in triplicate 

along the length of the field according to the formula: (Width of the wound at 

0 hr – Width of the wound at 24 hr) / (Width of  the wound at 0 hr). 

Representative fields are shown for A. Serum free media accompanied by 

serum free media with 200 µM Genistein B. 2 µM LPA accompanied by 2 µM 

LPA with 200 µM Genistein and C. 10% NBCS accompanied by 10% NBCS 

with 200 uM Genistein D. Graphical representation. (n = 3, Mean + SEM). 
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4.3 Discussion 

 GPCR’s exist within a complex signaling network the ultimately leads to the 

activation or inhibition of pathways which result in changes in gene expression and 

context specific cellular responses. LPA has been shown to function as a mitogen in some 

cell lines and potently enhances cell motility as well as invasive migration in pancreatic 

cancer cells.  The causal relationships between signaling module and cellular response in 

this system remain unclear. Though it has been reported that the activation of the ERK 

and JNK pathways contribute to the migratory response elicited by LPA in pancreatic 

cancers (Stahle et al., 2003), this has been poorly characterized. The studies presented 

here demonstrate only a minimal phosphorylation of ERK following stimulation with 

LPA. The most prominent response was noted in JNK phosphorylation following 

stimulation. Since, it has been shown that the JNK inhibitor SP600125 can inhibit 

migration in pancreatic cells (Stahle et al., 2003), based on these results, it is possible to 

speculate that JNK activation could be correlated with LPA induced migration in certain 

pancreatic cancers cell lines. However, the the activation of JNK by LPA is relatively 

weak in cells, such as BxPC3, which show a stronger LPA induced migratory response. It 

is not clear whether such weak activation would be sufficient for LPA induced migration. 

Thus, the roll of JNK activation in LPA mediated migration remains unclear.  

 Differential expression of MKK4, a 45 kDA member of the dual-specificity 

protein kinase family that lies upstream of JNK was observed during these studies.  It has 

been observed from studies in patients with pancreatic cancers that a loss of MKK4 

shows a trend toward shorter survival, with MKK4-negative carcinomas having twice the 

risk of death than MKK4-positive carcinomas (Xin et al., 2004). It’s unclear what roll the 
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loss of expression of MKK4 plays in these cells with regards to effects of LPA on disease 

progression. However, it’s interesting to note that BxPC3 and MDAPanc28 cells which  

do not express MKK4 also demonstrate a stronger migratory response to LPA.   

 Finally, studies presented here reveal a dependence upon RTK mediated signaling 

in the migratory response elicited by LPA in MDAPanc 28 cells.   LPA was shown to 

stimulate the transactivation of c-Met in MDAPanc28 cells. Together with the 

observations presented in previous chapters, that there is little or no expression of Gαi in 

MDAPanc28 and  LPA elicits migratory response in these cells even in the presence of 

PTX(Chapter 5), the LPA-dependent  c-MET-response observed in these cells is likely to 

be mediated via Gαi-independent mechanism.  Considering the findings that LPA 

potently stimulates migration and Gα13 is primarily involved in the cellular migratory 

response, it is tempting to speculate that Gα13 is involved in LPA induced migration. 
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Chapter 5  

The role of Gα13  in the Progression of Pancreatic Cancer 

5.1 Introduction  

 LPA receptors have been shown to couple to the α-subunits of Gi, Gq, or G12 

family of heterotrimeric G proteins (Radeff-Huang et al., 2004; Stahle et al., 2003; 

Radhika, et al., 2005.) LPA dependent proliferation, survival, and migration have been 

shown to involve Gαi, whereas Gαq has been shown to play a role in the inhibition of 

gap-junctional communication thereby contributing to the mitogenic responses of 

pancreatic cancer cell lines (Ryder et al., 2001). Although Gα12/13, has been known to 

activate diverse signaling pathways involved in cell proliferation (Dhanasekaran and 

Dermott, 1996, Gutkind et al., 1998, Kumar et al., 2006, Radhika et al., 2004, Radhika et 

al., 2005) as well as migration, their  roles in LPA-mediated signaling, especially in 

pancreatic cancer cells, are largely unknown. Several lines of evidence, albeit indirect, 

suggest that LPA-induced chemotaxis involves the small GTPases Ras, Rac, and Rho 

(Stahle et al., 2003). The findings that Gα12 and Gα13 are  primarily involved in the 

activation of  Rho-family of GTPases (Dhanasekaran and Dermott, 1996, Goldsmith and 

Dhanasekaran, 2007) suggests a potential role for Gα12/13 in LPA-mediated migration of 

pancreatic cancer cells.   The observation that  LPA elicits a potent migratory response in 

MDAPanc 28 pancreatic cancer cells, which do not express or express Gαi at 

undetectable levels, also suggests that the LPA-mediated migratory response involves a 

Gαi independent mechanism(s).  Based on the previous studies from our lab as well as 

others that Gα13 is required for cell migration mediated by GPCRS as well as RTKs 
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(Offermanns, et al., 1997, Gu et al., 2002, Radhika et al., 2004, Shan et al., 2006), it is of 

critical importance to determine whether the LPA dependent migration is coupled to Gα13  

 

5.2 Results 

5.2.1 Establishing the role of Gαi  in LPA induced migration 

 The results from the Gα expression profile seen in Figure 5 has shown that Gαi is 

either not expressed or expressed at undetectable levels in MDAPanc28 cells. This 

suggests that the LPA-stimulated cell migratory response (Figure 15) possibly involves 

an α-subunit other than Gαi. To further establish that the LPA dependent cell migration is 

not associated with Gαi, the ability of pertussis toxin (PTX) to inhibit LPA dependent 

migration in MDAPanc28 cells was assessed. PTX inhibits the Gi-family of G proteins 

through the ADP-ribosylation of specific Cys residues in the respective α-subunits (Locht 

and Antoine, 1995). Therefore, to rule out the possibility that Gαi has a role in LPA-

mediated cell migration, a transwell analysis in the presence of 25ng/ml PTX along with  

appropriate controls was carried out. After 24 hours nonmigrating cells on the proximal 

side of the semipermeable membrane were removed and migrating cells on the distal 

aspect were fixed and stained. Images were obtained from random fields and the 

migrating cells were enumerated. As seen in Figure 27 these results demonstrate that 

LPA dependent migration is not inhibited by PTX in MDAPanc28  pancreatic cancer 

cells.  
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Figure 27: LPA induced migration is stimulated through pathways independent of 

PTX sensitive mechanisms in MDAPanc28 cell  

5 x 105 MDAPanc28 cells suspended in 200 µL serum-free media were placed in the 

upper well of the transwell insert. Each well of the companion plate contained 500 µL 

media containing serum-free media control, serum free media with 25ng/mL PTX, 

serum-free media containing 10 µM LPA, or serum free media with 25ng/mL PTX.  

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 100 X magnification and the number of migrated cells was 

enumerated. The images shown are representative of the three independent 

experiments, each performed with triplicate fields of view. (n = 6, Mean + SEM). 
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5.2.2 Establishing Gα13 (13-CT) constitutively expressing cell lines.  

 Since LPA induced migration in MDAPanc28 cells was shown to be independent 

of PTX-sensitive pathways and there is strong evidence to suggest that Gα13 plays a roll 

in the induction of migration, a dominant negative strategy was adopted to assess 

whether LPA induced migration is dependent on Gα13 in this cell line. To establish the 

role of Gα13 in LPA induced migration cell lines constitutively expressing a  C-terminal 

minigene of Gα13 (CT-13) were constructed. This CT-13 minigene consists of  the C-

terminal 12 amino-acid sequences: LHDNLKQLMLQT (Dhanasekaran and Jayaraman, 

unpublished data). The CT-13 minigene construct when expressed preferentially binds 

to the C-terminus of the cognate GPCR thus displacing wild type Gα13. Wild type Gα13 

remains bound to the βγ subunit in the quiescent GDP bound state (Figure 28) . The 

DNA sequences encoding this peptide was synthesized and shuttled into mammalian 

expression vector pcDNA3.1 (Invitrogen, Carlsbad, CA) which was modified to 

express the inserts as HA-tagged peptides (Jayaraman and Dhanasekaran, unpublished 

data). The construct was then transfected into MDAPanc28 cells using the FuGENE 6 

reagent (Roche, Indianapolis, IN) according to the manufacturer’s protocol. Stable 

clones were selected from the transfectants using a G418 antibiotic selection protocol 

following the procedures described by Dermott and Dhanasekaran, 2002. G418, an 

aminoglycoside antibiotic blocks polypeptide synthesis at elongation in both eukaryotic 

and prokaryotic cells. Resistance to G418 was encoded by the neomycin resistance 

gene present within the cloning vector. 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  
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Figure 28: Schematic Representation of CT-13 

The CT-13 minigene construct when expressed preferentially binds to the C-terminus 

of the cognate GPCR thus displacing wild type Gα13. Wild type Gα13 remains bound to 

the βγ subunit in the quiescent GDP bound state, thus blocking activation of the 

downstream effectors.   
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dishes. In addition to PCDNA 3.1 control cells several clones transfected with the CT-

13 minigene construct  were isolated. The remaining clones were pooled.  

 To verify the expression of the gene product several G418-resistant clones along 

with the vector controls were subjected to immunoblot analysis. Lysates (50 µg) were 

prepared as described in the Materials and Methods. Proteins were separated by SDS-

PAGE and probed with an antibody directed against the HA-tag. Several clones 

expressing the CT-13 construct were isolated (Figure  29) and propagated.  
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Figure 29: CT-13 expression in MDAPanc28 Cells 

Lysates (50 µg) from MDPanc28 cells stably transfected with PCDNA3.1  

control or PCDNA 3.1 containing the Gα13(CT-13) minigene  were prepared 

as described in the Materials and Methods. These lysates were separated by 

12% SDS PAGE and subjected to immunoblot analysis with an antibody 

against  hemagluttinin (HA) epitope tag. 
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5.2.3  Evaluating the role of Gα13 in LPA Induced Migration 

To assess the role of Gα13 in LPA induced migration two separate sets of experiments 

were carried out. The first involves the  wound healing assay as described previously. 

Briefly, 1x106 MDAPanc28-CT-13 or MDAPanc28-PCDNA3.1 control cells were 

seeded in a 35 mm plate. After 24 hours, these cultures were washed twice with 5 mL of 

PBS and serum starved for 16hrs. Two hours prior to wounding, these cells were treated 

with 10 µg/ml Mitomycin C which inhibits cell proliferation by crosslinking 

complementary strands of DNA. Cell-free space was created by scraping the monolayer 

with a 200 µL pipette tip. Cells were washed twice with PBS to remove debris, then 

stimulated with either serum free media,  serum free media with 2µ M LPA, or 10% 

NBCS.  NBCS was used as a positive control since it contains many growth- as well as 

migration- promoting ligands including LPA.  For each assay triplicate fields were 

photographed at t = 0 hr and t = 24 hr. These assays were quantified by estimating the 

percentage of wound closure at 24 hrs time-point. This calculation was made using the 

formula:  (Width of the wound at 0 hr – Width of the wound at 24 hr)/(Width of the 

wound at 0 hr).  These results demonstrate an extensive abrogation of the LPA dependent 

migratory response in MDAPanc28-CT-13 cells. Shown are representative fields from 

three separate experiments.  Results were obtained with both clones 4 and 5 as well as 

G418-resistant pooled clones. Interestingly, these studies also demonstrate an extensive 

abrogation of the NBCS induced migratory response in the MDAPanc28-CT-13 cells.  
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Figure 30: CT-13 inhibits LPA dependent migration in MDAPanc28 Clones 

expressing CT-13. 

Wound healing assays were conducted as described in the Materials and Methods. 

MDAPanc28-PCDNA3.1 and MDAPanc28-CT-13 cells were then incubated with serum-

free media, serum free media containing  2 µM LPA, or 10% NBCS. After 24 hours 

incubation, the fields of view were identified and re-imaged. Wound closure was 

calculated in triplicate along the length of the field according to the formula: (Width of 

the wound at 0 hr – Width of the wound at 24 hr) / (Width of  the wound at 0 hr). (n = 3, 

Mean + SEM). 
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 To verify these results and to further quantify the inhibition of LPA dependent 

migration, three separate sets of transwell migration assays were conducted comparing: 

1) basal 2) LPA and 3) NBCS induced migration respectively between the vector and two 

MDAPanc28-CT-13 clones as well as G418-resistant pooled MDAPanc28-CT-13 clones. 

Equal numbers of cells suspended in 200 µL serum free media  were seeded in the upper 

well of the transwell inserts. Serum free media 10 µM LPA, or 10% NBCS (500 µL) 

were placed in corresponding wells of the companion plate. After 24 hours, nonmigrating 

cells on the proximal side of the semipermeable membrane were removed and migrating 

cells on the distal aspect were fixed and stained. Images were obtained from random 

fields and the migrating cells were enumerated. Representative fields are shown. These 

results as seen in Figure 31 demonstrate a 45-76% inhibition in basal migration in 

MDAPanc28-CT-13 cells as compared to the vector controls.  As seen in Figure 32 there 

is an 88% inhibition in the level of LPA induced migration in MDAPanc28-CT-13 cells 

as opposed to the vector controls. Finally these results, as seen in Figure 33, demonstrate 

approximately a 50% inhibition in the NBCS induced migratory response.  
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Figure 31: CT-13 inhibits basal transwell migration in MDAPanc 28 Cells. 

MDAPanc28-PCDNA3.1 control and MDAPanc28-CT-13 cells (5 x 105) suspended 

in 200 µL serum-free media were placed in the upper well of the transwell insert. 

Each well of the companion plate contained 500 µL media containing serum-free 

media.  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 100 X magnification and the number of migrated 

cells was enumerated. The images shown are representative of the three independent 

experiments, each performed with triplicate fields of view.  Representative fields are 

shown for A. MDAPanc28-PCDNA3.1 and B. MDAPanc28-CT-13 cells. (n = 3, 

Mean + SEM). 

 



 99

 

 

Figure 32: CT-13 inhibits LPA dependent transwell migration in MDAPanc28 

cells.  

MDAPanc28-PCDNA3.1 control and MDAPanc28-CT-13 cells (5 x 105) suspended 

in 200 µL serum-free media were placed in the upper well of the transwell insert. 

Each well of the companion plate contained 500 µL of serum-free media containing 

10 µM LPA.  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 100 X magnification and the number of migrated 

cells was enumerated. The images shown are representative of the three independent 

experiments, each performed with triplicate fields of view. Representative filed are 

shown for A. MDAPanc28-PCDNA3.1 and B. MDAPanc28-CT-13 cells. (n = 3, 

Mean + SEM). 
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Figure 33:  CT-13 inhibits serum induced transwell migration in MDAPanc28 

cells. 

MDAPanc28-PCDNA3.1 control and MDAPanc28-CT-13 cells (5 x 105) suspended 

in 200 µL serum-free media were placed in the upper well of the transwell insert. 

Each well of the companion plate contained 500 µL of media containing 10% NBCS.  

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 100 X magnification and the number of migrated cells was 

enumerated. The images shown are representative of the three independent 

experiments, each performed with triplicate fields of view. Representative fields are 

shown for A. MDAPanc28-PCDNA3.1 and B. MDAPanc28-CT-13 cells. (n = 3, 

Mean + SEM). 
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5.3 Discussion 

 LPA has been shown to be a potent stimulant of metastatic behavior in in vitro 

models (Yamada et al., 2004, Stahle et al., 2003). These results were verified through 

studies demonstrating that LPA stimulates cell migration in both noninvasive and 

invasive contexts.  Although previous studies have identified a role for Gαi in LPA-

mediated pancreatic cancer cell migration, the observations that the MDAPanc28 cell 

line, which does not express Gαi or expresses undetectable levels of Gα, demonstrated a 

potent migratory response to stimulation with LPA suggests that this may not be major 

pathway involved in cell migration. This is further substantiated through transwell assays 

conducted with or without the presence of pertussis toxin that demonstrated LPA induced 

migration occurred independently of PTX sensitive mechanisms, and thus is unlikely to 

be dependent upon Gαi.  Furthermore, the ability of Gαi to stimulate Rho-family of 

GTPases, which are involved in LPA-mediated cell migration, is indirect.  In this context 

it is interesting to note that, Gα13, which can be stimulated by LPA, has been shown to be 

involved in cell migration (Offermanns et al., 1997, Gu et al., 2002, Radhika et al., 2004) 

and metastasis of different cancer cells (Yamada et al., 2004, Stahle et al., 2003, Shida et 

al., 2004, Mills and Moolenaar, 2003, Fishcer et al., 2004).  However, the role of Gα13 in 

LPA-mediated cell migration in pancreatic cancer cell migration has not been 

investigated thus far.  This could be due to the relatively new emergent view that LPA 

plays a role in the genesis and progression of many different cancers (Daaka, 2002, Ryder 

et al., 2001, Shida et al., 2004) or the equally recent identification of Gα13 as a mediator 

of many oncogenic signaling pathways (Shan et al., 2006, Kumar et al., 2006, Radhika et 

al., 2005).  Thus, the results presented here, establish for the first time that Gα13, which 
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has been defined as the gep oncogene, is involved in LPA-mediated migration of 

pancreatic cancer cells.  
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CHAPTER 6  

SUMMARY AND CONCLUSIONS 

6.1 Discussion   

 Ductal adenocarcinomas of the pancreas are the 4th most common cause of cancer 

death with a 5 year survival rate of less than 5% and a median survival of approximately 

6 months (Jemal et al., 2008). Despite remarkable progress in the fields of genetics, 

cancer biology, and advances in surgical techniques as well as chemotherapeutics, our 

ability to recognize and treat patients with pancreatic cancer remains poor. This reflects a 

poor understanding of the pathologic mechanisms of the disease. However, numerous 

GPCR agonists, including LPA, along with their cognate receptors have been implicated 

in the oncogenic process that drives progression and metastasis (Ryder et al., 2001, 

Daaka, 2002, Marinissen and Gutkind, 2001). Consistent with previous findings from 

several laboratories including ours, my studies presented here in have demonstrated that 

LPA functions not only as a mitogen in certain pancreatic cancer cell lines, but acts as a 

potent stimulant of cell motility and invasive migration (Yamada et al., 2004, Stahle et 

al., 2003). LPARs have been shown to couple to the Gi, Gq, or G12 family of 

heterotrimeric G proteins (Radeff-Huang et al., 2004). Gα13 has been shown to be 

required for migration in a variety of developmental and oncogenic contexts (Radhika et 

al., 2004, Shan et al., 2006, Parks and Wieschaus, 1991, Offermanns et al., 1997, Gu et 

al., 2002). This thesis has tested the hypothesis that Gα13 is coupled to the signaling 

mechanisms in this process. Thus, the overall goal of this thesis is to define the role of 

Gα13 in the progression of pancreatic cancer as well as the mechanisms through which 

LPA promotes metastasis. The results of the principle investigation indicating that 
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LPA can not only act as a mitogen but that it can act as a potent stimulator of migration 

and invasion are of particular importance in light of the observed lack of expression of 

Gαi in MDAPanc28 and MiaPaCa2 cells (Figure 5). It has been previously reported that 

LPA dependent migration involves Gαi-dependent mechanisms (Stahle et al., 2003, Mills 

and Moolenar, 2003). However, the results presented here have demonstrated a potent 

increase in migration following stimulation with LPA in MDAPanc28 cells that show 

little or no expression of Gαi. Therefore it is more likely that the responses to LPA seen 

in in this pancreatic cancer cell lines are coupled to α-subunits other than Gαi. The 

observation that migration in MDAPanc28 occurs even after treatment with PTX further 

confirms that LPA-stimulated migration occurs independently of Gαi. In this context, it is 

highly significant that the results presented here using cells expressing the dominant 

negative mutant of Gα13 has identified, for the first time, that Gα13 is the α-subunit 

involved in LPA-mediated migration of pancreatic cancer cells. Thus, the results 

presented here clearly establish that Gα13 is a critical signaling component in LPA as well 

as serum stimulated migration in pancreatic cancer cells (Figure 34).  

 At present, it is largely unknown whether Gα13 couples to a specific LPAR in 

promoting the migration of pancreatic cancer cells. Both LPA1 and LPA2 have been 

linked to mechanisms of disease progression and thought to be principally involved in the 

regulation of cell motility (Stahle et al., 2003, Shida et al., 2004, Yamada et al., 2004). 

As it has been observed that siRNA knockdowns of LPA1 abrogate the migratory 

response in YAPC-PD cell (Yamada et al., 2004), it is likely that LPA1 could mediate 

this signaling pathway.  This is consistent with the observation that MiaPaCa2 cells 

which express lower levels of LPA1 exhibit weaker migration (Figure 12).  However this 
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needs to be evaluated. Further analysis in the BxPC3, DanG, MDAPanc28, and 

MiaPaCa2 cell lines using siRNA directed against either LPA1 or LPA2 would be useful 

in this regard. 

 The results presented here have also shown that the the migratory response 

elicited by LPA in MDAPanc28 cells is dependent upon a genistein-sensitive tyrosine 

kinase activity. It is not clear at present which receptor and/or non-receptor tyrosine 

kinases contribute to this response. However, studies presented here in also reveal that 

LPA stimulates the transactivation of the receptor tyrosine kinase c-Met, which is known 

to be an important regulator migration and invasive growth in tumor cells (Shida et al., 

2004; Fischer et al., 2004).  As the results presented here have demonstrated that LPA 

induced migration is dependent upon tyrosine kinase mediated signals, it is tempting to 

hypothesize that c-Met is contributing to the LPA induced migratory response. It should 

be noted here that the transactivation of c-Met requires the generation of reactive oxygen 

species through the activation NADPH Oxidase, a process that requires members of the 

rho family of small GTPases, specifically Rac (Fisher et al., 2004) Since Gα13 has been 

shown to stimulate Rac (Radhika et al., 2004), it is likely that the transactivation of c-Met 

by LPA involves  Gα13-mediated stimulation of Rac. Although such a signaling paradigm 

involving a specific LPAR, Gα13, Rac, and c-Met remains to be established, the 

pancreatic cancer cell lines established in this study and the dominant negative mutant 

stategy used here should allow us to elucidate the signaling network underlying the 

genesis and progression of pancreatic cancer. 
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Figure 34: Schematic Summary 

These studies have shown for the first time that Gα13 which has been defined as the gep 

oncogene is involved in LPA-mediated migration of pancreatic cancer cells. Further, 

these studies have also shown a dependence upon RTK mediated signaling in the 

migratory response elicited by LPA in MDAPanc28 cells. 

. 

  .   
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