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Abstract 
 

 

Ovarian cancer is the second most common gynecological cancer and is the leading cause of all 

reproductive cancer deaths in the United States. The poor prognosis is attributed to 75% of patients 

being diagnosed with advanced stage disease which is accompanied by an overall five-year 

survival rate of approximately 20-25%. Advanced staged disease is characterized by peritoneal 

and distant metastasis. Peritoneal metastasis involves the ovarian cancer cells disseminating within 

the peritoneal cavity where they will implant on surfaces of organs including the omentum, 

diaphragm, and large and small bowel serosa.  The surfaces of these organs are covered by 

mesothelium, a monolayer of mesothelial cells. Mesothelial cells actively participate in promoting 

invasion by expressing adhesion molecules including vascular cell adhesion molecule 1 (VCAM-

1).  Previously, VCAM-1 was demonstrated as an important regulator of mesothelial invasion 

within the ovarian cancer tumor microenvironment; however, it is not known what regulates 

mesothelial VCAM-1 expression in ovarian cancer. Lysophosphatidic acid (LPA), a bioactive lipid 

found at elevated levels in the malignant ascites, regulates several cellular functions critical for 

tumorigenesis and metastasis such as proliferation, angiogenesis, migration and invasion.  

Therefore, this we investigated whether LPA targets the ovarian cancer microenvironment, 

specifically the mesothelium, to promote ovarian cancer metastasis. Using mice that lack 

expression of the LPA phosphatase, LPP1 (LPP1 KO), and have elevated circulating 

concentrations of LPA, this thesis reports LPP1 KO mice showed increased peritoneal ovarian 

cancer growth and a significantly higher incidence of invasive tumors as compared to wild type. 

Additionally, LPP1 KO had increased mesothelial VCAM-1 expression.  From these data, we 

further studied LPA regulation of mesothelial VCAM-1 to promote mesothelial invasion. Utilizing 
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a co-culture assay system, we observed a significantly reduced ovarian cancer cell invasion of the 

mesothelium after inhibition of LPA1. Moreover, blocking or inhibiting LPA1 in human 

mesothelial cells derived from ovarian cancer patients’ ascitic fluid decreased VCAM-1 expression 

and accumulation both at the transcript and protein level.  Furthermore, pulse labeling with S35-

Met/Cys indicated a significant decrease in VCAM-1 protein synthesis in cells lacking LPA1 

expression compared to control.  Importantly, re-expression of exogenous VCAM-1 after LPA1 

knockdown in mesothelial cells restores trans-mesothelial invasion of ovarian cancer cells. Taken 

together, these data demonstrate LPA promotes mesothelial invasion through the regulation of 

mesothelial VCAM-1 expression. Furthermore, the work in this thesis provides a further 

understanding of the role LPA plays in ovarian cancer metastatic progression, and these findings 

provide a potential model for other conditions associated with elevated LPA and chronic VCAM-

1 expression.  
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Chapter 1: Introduction 

1.1. Ovarian Cancer 

Ovarian cancer is the fifth cause of cancer-related death in women but is the leading cause 

of all reproductive cancer deaths in the United States (Sankaranarayanan and Ferlay, 2006). 

Approximately 21,290 women will be diagnosed with ovarian cancer, and 14,180 deaths will occur 

each year (Siegel et al., 2015).  Fifty percent of the new cases will be diagnosed in women over 

the age of 60.  The overall 5-year survival rate is approximately 46.2%; however, the rate is stage 

dependent with localized ovarian cancer having a 92% 5-year survival rate and distant/metastatic 

disease having a 27% 5-year survival rate (Siegel et al., 2015). Unfortunately, 75% of new cases 

are diagnosed with metastatic disease (Hennessy et al., 2009). 

Ovarian cancer arises from three cell types: epithelial cells, germ cells, and specialized 

stromal cells (Jelovac and Armstrong, 2011).  The vast majority, approximately 90%, of ovarian 

cancers are epithelial in nature (Jelovac and Armstrong, 2011). Epithelial ovarian cancer is a 

heterogeneous disease that is histologically subtyped into two groups, Type I tumors and Type II 

tumors (Landen et al., 2008). Type I tumors have been linked to precursor lesions in the ovary and 

include low-grade endometrioid carcinoma, clear cell carcinoma, mucinous carcinoma, and low-

grade serous carcinoma (Kurman and Shih, 2008; Landen et al., 2008). Type I tumors are defined 

by their slow growth, diagnosis at early stages, and genetic mutations including KRAS, BRAF, and 

PTEN (Koshiyama et al., 2014; Levanon et al., 2008).  In contrast, Type II tumors are highly 

aggressive, confer a poorer prognosis, and are linked to precursors arising from the fallopian tube 

epithelium (Kurman and Shih, 2008; Lee et al., 2007; Shaw et al., 2009).  The vast majority of 
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type II tumors harbor TP53 mutations (Ahmed et al., 2010; Koshiyama et al., 2014; Levanon et 

al., 2008), and  BRCA1/BRACA2 mutations are strongly associated with hereditary cases of ovarian 

cancer in these tumor types (Koshiyama et al., 2014).  Type II tumors include high-grade 

endometrioid and high-grade serous ovarian carcinoma. High-grade serous ovarian carcinoma 

accounts for almost 75% of all epithelial ovarian cancer.  

Ovarian cancer is staged using a classification system established by the International 

Federation of Gynecology and Obstetrics (FIGO) (Jayson et al., 2014; Prat, 2015) (Figure 1.1). 

Stage I ovarian cancer is confined to one or both ovaries. Stage II involves one or both ovaries and 

includes progression of the tumor outside the ovaries but within the pelvic region (Prat, 2015). 

Stage III disease spreads within the peritoneal cavity including both pelvic and abdominal 

peritoneum and results in the accumulation of ascites (Prat, 2015). In addition to peritoneal 

metastasis, Stage IV ovarian cancer involves hematogenous dissemination to distant sites 

including the lungs or liver (Jelovac and Armstrong, 2011; Prat, 2015).  Women diagnosed in 

stages I or II have a favorable prognosis, a ten-year survival rate of 80-95%, and tend to respond 

well to standard therapies (Hennessy et al., 2009; Ozols, 2005). However, approximately 20-25% 

of woman are diagnosed with early-stage ovarian cancer (Ozols, 2005). The overall poor prognosis 

of ovarian cancer is attributed to the diagnosis of over 75% of cases at an advanced stage (III or 

IV), which is accompanied with a ten-year survival rate of 10-30% (Hennessy et al., 2009; Ozols, 

2005).  
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Figure 1.1. Staging of ovarian cancer. Early stages, I and II, show tumors confined to the ovary 

or spread within the pelvis. The majority of women are diagnosed with stage III disease where the 

cancer has metastasized within the peritoneal cavity most commonly to the omentum.  Stage IV is 

hematogenous spread to distant organs such as liver and lung. Adapted from  

(http://www.deepammeditours.com/treatments/ovarian-cancer-cancer-of-the-ovaries/).  
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1.2 Ovarian Cancer Metastatic Microenvironment 

Advanced-stage disease is characterized by rapid growth, widespread seeding within the 

peritoneal cavity, and ascites formation (Fagotti et al., 2010; Schorge et al., 2010).  Unlike most 

solid tumors that metastasize by extravasation through blood vessels, ovarian cancer primarily 

undergoes transcoelomic spread throughout the peritoneal cavity. Within the peritoneal cavity, 

there is no anatomical barrier to prevent ovarian cancer cells from spreading by direct extension 

to adjacent organs. Specifically, ovarian cancer cells detach from the primary tumor site as single 

cells or clusters of cells, disseminate throughout the peritoneal cavity in peritoneal fluid, and 

finally settle on any peritoneal cavity organ surface such as the peritoneum, omentum, diaphragm, 

and large and small bowel serosa (Lengyel, 2010; Sehouli et al., 2009) (Figure 1.2). Once 

implanted, tumor nodule development and growth lead to significant clinical complications such 

as bowel obstructions; patients often succumb from malnutrition and dehydration. 

With ovarian cancer spreading by direct extension from the primary site to neighboring 

organs, ascites is a major component that supports this passive process.  Ascites is the 

accumulation of fluid within the peritoneal cavity. Ascites accumulates when tumors spread 

throughout the peritoneal cavity resulting in increased leakiness of the tumor microvasculature, 

lymphatic obstruction, and increased production of peritoneal fluid by cells lining the peritoneal 

cavity (Adam and Adam; Feldman et al., 1972; Kipps et al., 2013). The term malignant ascites is 

given to the peritoneal fluid once cancer cells have been detected in the fluid (Adam and Adam; 

Kipps et al., 2013).  The presence of malignant ascites correlates with peritoneal metastasis, a 

grave prognosis, and a reduced five-year survival rate, thus contributing to the morbidity 
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Figure 1.2. Ovarian cancer metastatic progression. Malignant ovarian cancer will exfoliate from 

the primary tumor site and shed into the peritoneal cavity as single cells or multi-cellular 

aggregates.  The ovarian cancer cells are passively taken to the secondary site by ascites.  The 

ovarian cancer cells will attach and invade the targeted organ within the peritoneal cavity. 
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associated with advanced stage disease (Ahmed and Stenvers, 2013; Ezzati et al., 2014; Kipps et 

al., 2013; Puls et al.).  Additionally, malignant ascites can cause many of the symptoms linked to 

ovarian cancer including abdominal pain and satiety (Kipps et al., 2013). Thus, gaining a better 

understanding of the role malignant ascites plays to support and promote ovarian cancer 

progression and metastasis is likely to provide more effective therapeutic intervention for ovarian 

cancer.  

 

1.3 The Role of Malignant Ascites in the Ovarian Cancer Metastasis 

The accumulation of ascitic fluid is a hallmark of advanced-stage ovarian cancer and plays 

a vital role in ovarian cancer metastatic progression because it creates a tumor-friendly 

microenvironment that stimulates tumor progression (Kipps et al., 2013; Matte et al., 2012).  

Functionally, the role of ascites is to facilitate ovarian cancer metastasis by providing a milieu of 

soluble factors secreted by both cancer and stromal cells (Kipps et al., 2013). The soluble factors 

within the ascites include growth factors, cytokines, and bioactive lipids influence ovarian cancer 

metastasis by promoting adhesion, invasion, and migration of the cancer cells (Meunier et al., 

2010; Puiffe et al., 2007).  One prominent soluble factor that is abundant in the ovarian cancer 

metastatic microenvironment is lysophosphatidic acid (LPA). LPA was initially identified as 

ovarian cancer activating factor because it was a primary functional component of the malignant 

ascites (Xu et al., 1995).  LPA has pleiotropic effects on both the cancer cells and stromal cells 

within the ovarian cancer metastatic microenvironment (Mills and Moolenaar, 2003; Ren et al., 

2006).   
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1.3.1 Lysophosphatidic Acid (LPA) 

Lysophosphatidic acid is a family of naturally occurring phospholipids that consist of a 

single fatty acid chain attached to a glycerol backbone with a phosphate group (Figure 1.3). LPA  

mediates multiple biological responses in almost every cell type, both normal and transformed, via 

G-protein coupled receptors (Mills and Moolenaar, 2003; van Corven et al., 1989).  The cellular 

responses LPA evokes include proliferation (van Corven et al., 1989), survival (Li et al., 2003; 

Weiner and Chun, 1999; Ye et al., 2002), migration and invasion (Bian et al., 2006; Bian et al., 

2004; Imamura et al., 1993; Xu et al., 1995), wound healing (Lee et al., 2000), aggregation of 

platelets (Gerrard et al., 1979), smooth muscle cell contraction (Gerrard et al., 1979), cytoskeleton 

reorganization (Chrzanowska-Wodnicka and Burridge, 1994), and increased endothelial 

permeability (Amerongen et al., 2000). Although LPA primarily plays a role in cell viability, it 

also causes necrosis and apoptosis in some cases (Holtsberg et al., 1998; Steiner et al., 2000).  

Several enzymatic pathways lead to the generation and degradation of LPA. Autotaxin (ATX), an 

extracellular lysophospholipase D, cleaves choline from lysophosphatidylcholine (LPC) to 

produce LPA (Mills and Moolenaar, 2003) (Figure 1.4).  LPA is also produced through the action 

of phospholipases A1 (PLA1) and A2 (PLA2), which hydrolyze the sn-1 or sn-2 ester bond, 

respectively, from surface-exposed phosphatidic acid (Ren et al., 2006) (Figure 1.4). Moreover, 

LPA is degraded by the action of two exophosphatases, lipid phosphate  phosphohydrolase (LPP) 

types 1 and 3. LPP1 and 3 are integral membrane proteins localized to the plasma membrane that 

dephosphorylate LPA to generate MAG  (Kai et al., 2006; Sciorra and Morris, 2002) (Figure 1.4).   
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Figure 1.3. Structure of Lysophosphatidic acid (LPA).  LPA has a single fatty acyl chain attached 

to the glycerol backbone at either the sn-1 or sn-2 positions. A phosphate group is attached at the 

sn-3 position.   
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Figure 1.4. Pathways of LPA synthesis and degradation. A major source of extracellular LPA is 

generated by autotaxin (ATX) cleaving lysophosphatidylcholine (LPC) to LPA. LPA is generated 

from surface-exposed phosphatidic acid (PA) through the action of phospholipase A1 (PLA1) or 

phospholipase A2 (PLA2).  LPA is degraded by the action of exophosphatases, lipid phosphate 

phosphohydrolases (LPPs) to MAG, or by LPA acyltransferase (LPPAT) acylation of LPA to PA. 

Adapted from (Meyer zu Heringdorf and Jakobs, 2007).  
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LPA is converted to PA by LPA acyltransferases, which catalyze the transfer of an acyl chain to 

either the sn-1 or sn-2 position of LPA (Leung, 2001) (Figure 1.4). 

The cellular and biological actions of LPA occur through the activation of a family of six 

distinct G-protein coupled receptors, named LPA1-6 (Choi et al., 2010). These receptors have 

varying expression patterns in different tissues.  LPA1 was the first identified and is expressed in 

the adult human brain, heart, uterus, stomach, colon, small intestine, kidney, placenta, ovary, 

spleen, and skeletal muscles; however, LPA1 is not expressed in the liver (An et al., 1998; Contos 

et al., 2000; Ye, 2008).  The expression patterns of LPA2-6 are more restricted as compared to 

LPA1; however, LPA2 and 3 are often expressed in cancer, including ovarian cancer (Fang et al., 

2000a; Mills and Moolenaar, 2003).  

Once activated, the LPA receptors couple to and activate different G-proteins, such as Gαi, 

Gαq, Gα12/13, and Gαs (Anliker and Chun, 2004; Mills and Moolenaar, 2003). Upon activation 

of the G-proteins, they will stimulate a variety of signaling pathways including mitogen-activated 

protein kinase (MAPK), phosphoinositide 3-kinase (PI3K), Rho/Rho-kinase, and phospholipase C 

(Figure 1.5).  Many of these signaling pathways support cell growth, survival, and migration (Choi 

et al., 2010). 

 

1.3.2 The Role of Lysophosphatidic Acid in Ovarian Cancer Progression 

Lysophosphatidic acid plays a major role in the initiation and progression of ovarian cancer 

and promotes ovarian cancer cell proliferation, growth, and survival as well as activities relevant 

to metastasis including migration and invasion.  Increased concentrations of LPA are found in both  
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Figure 1.5. Signaling pathways activated by the LPA receptors. With the LPA receptors being 

G-coupled protein receptors, they will couple to and activate different G-proteins, such as Gαi, 

Gαq, Gα12/13, and Gαs [54, 83].  LPA1, LPA2, and LPA5 couple to Gαq and Gα12/13 with 

LPA1 and LPA2 also coupling with Gαi [54, 69].  LPA3 will activate Gαi and Gαq.  LPA4 

will interact with Gα12/13 and Gαs [69, 83].  Upon activation of these G-proteins, they will 

regulate a variety of signaling pathways.  Specifically, Gαi induces MAPK/ERK, PI3K/AKT, 

and phospholipase C pathways while inhibiting adenylyl cyclase activity [84, 85]. Gαq signals 

through downstream effectors of phospholipase C pathway [69]. Gα12/13 mediates Rho/Rho-

kinase pathway activation [69]. Lastly, Gαs activates the adenylyl cyclase pathway [86].  

Adapted from (Choi et al., 2010).  
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malignant ascites and in plasma samples of ovarian cancer patients, suggesting a role for LPA as 

a potential biomarker of ovarian cancer (Sutphen et al., 2004; Xiao et al., 2001; Xiao et al., 2000; 

Xu et al., 1995).  Within the ovarian cancer metastatic microenvironment, many cell types are 

capable of producing LPA including activated platelets, adipocytes, ovarian cancer cells, and 

mesothelial cells (Eichholtz et al., 1993; Mills and Moolenaar, 2003; Ren et al., 2006; Said et al., 

2007; Valet et al., 1998).   Specifically, ovarian cancer cells secrete autotaxin (ATX) (Mills and 

Moolenaar, 2003). ATX activity is increased in malignant ascites (Tokumura et al., 2007). 

Consequently, LPA concentrations are elevated in malignant ascites and exceed concentrations 

needed to optimally activate LPA receptors (Westermann et al., 1998; Xu et al., 1995). As 

previously mentioned, LPA is metabolized by the action of exophosphatases, LPPs. LPP1 and 

LPP3 activity and expression are reduced in human ovarian cancers relative to normal ovarian 

tissue, and over-expression of either LPP1 or LPP3 decreases ovarian cancer cell proliferation and 

increases apoptosis in vitro and in vivo (Tanyi et al., 2003a; Tanyi et al., 2003b). 

In ovarian cancer, LPA activates three of the six G protein-coupled receptors, LPA1, LPA2, 

and LPA3.  LPA1 is expressed in normal ovarian surface epithelium, while the expression of LPA2 

and LPA3 is induced in the cancer cells (Fang et al., 2000a; Mills and Moolenaar, 2003).    All 

three receptors regulate ovarian cancer cell migration and invasion directly following LPA-

induced activation of pro-migratory signaling pathways (Bian et al., 2006; Bian et al., 2004).  

Additionally, LPA stimulates ovarian cancer growth and metastasis indirectly by inducing the 

production of proteases such as matrix metalloproteinases (MMPs) and urokinase plasminogen 

activator (uPA), which results in an enhanced metastatic phenotype (Fishman et al., 2001; Li et 
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al., 2005).  LPA was shown to disrupt ovarian cancer cell-cell adhesions and to facilitate the 

invasion of ovarian cells (Jourquin et al., 2006; Smicun et al., 2007).  Following engagement of 

LPA2 or LPA3, LPA also induces the production of cytokines, IL-6 and IL-8, which play a role in 

ovarian cancer invasion and metastasis  (So et al., 2004).  Furthermore, knockdown of LPA2 or 

LPA3 decreases IL-6 production, and their over-expression leads to increased serum levels of IL-

6 resulting in increased tumor burden and decreased survival in an in vivo model of ovarian cancer 

peritoneal metastasis (Yu et al., 2008). LPA stimulates ovarian cancer metastasis in orthotopic and 

syngeneic mouse models. Daily injection or implantation of a pump producing LPA significantly 

increases tumor burden and stimulates tumor metastasis in vivo (Kim et al., 2006; Li et al., 2009). 

Taken together these observations indicate that LPA promotes ovarian cancer cell migration, 

invasion, and metastasis (Bian et al., 2006; Fang et al., 2000a; Kim et al., 2006; Li et al., 2009; 

Mills and Moolenaar, 2003); however, the effect of LPA on components within the ovarian cancer 

metastatic microenvironment to promote metastasis is poorly understood.  

In recent years, the ovarian cancer metastatic microenvironment has become more 

appreciated because it supports tumor progression towards metastatic disease (Luo et al., 2016). 

The role LPA plays in influencing this microenvironment, specifically in mesothelial cells, should 

be considered because it may provide new therapeutic approaches to targeting ovarian cancer 

metastasis (Ren et al., 2006).  
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1.4 The Role of Mesothelial Cells in Ovarian Cancer Metastasis 

The malignant ascites is not only comprised of soluble factors; ovarian cancer cells and 

stromal cells can be found in the ascitic fluid (Kim et al., 2016).  Among the various stromal cells 

present in the malignant ascites, mesothelial cells are the most abundant population (Davidson, 

2004).   Mesothelial cells are epithelial-like cells, that surround all the organs and line surfaces 

within the peritoneal cavity as a continuous monolayer forming the mesothelium  (Mutsaers, 2004; 

Mutsaers and Wilkosz, 2007).  A normal function for the mesothelium is to provide a frictionless 

interface and protective surface to allow intracoelomic movement of the organs within the 

peritoneal cavity (Mutsaers, 2004).  During ovarian cancer metastasis, the mesothelium produces 

and/or secretes extracellular matrix (ECM) proteins and growth factors into the ascites to enhance 

adhesion, migration, and invasion of ovarian cancer cells (Jones et al., 1995; Kenny et al., 2014; 

Lee et al., 1993; Offner et al., 1996; Ren et al., 2006; Rieppi et al., 1999; Stadlmann et al., 2005). 

In particular, mesothelial cells produce and secrete LPA through the action of PLA2, and 

conditioned media from mesothelial cells containing LPA stimulate ovarian cancer cell adhesion 

and migration (Ren et al., 2006). Additionally, the malignant ascites stimulates mesothelial cell 

proliferation and migration  (Kim et al., 2016; Matte et al., 2014a; Matte et al., 2014b). 

As the ovarian cancer cells disseminate within the peritoneal cavity, mesothelial invasion 

plays a predominant role in ovarian cancer pathobiology.  Mesothelial invasion involves an active 

participation of the mesothelial cells to stimulate the cancer cell adhesion, migration, and invasion 

of the mesothelium (Eder et al., 2000; Heyman et al., 2010; Lessan et al., 1999; Li et al., 2009; 

Slack-Davis et al., 2009) (Figure 1.6).  Mesothelial invasion is associated with an unfavorable 
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prognosis in ovarian cancer (Bell et al., 2004).  Therefore, understanding the mechanisms that 

govern ovarian cancer mesothelial invasion are necessary to help identify additional therapeutic 

targets that regulate metastasis so that more effective therapeutic intervention for ovarian cancer 

can be developed. 

 

1.5 Mechanisms Governing Ovarian Cancer Peritoneal Metastasis  

Mesothelial invasion involves a disruption of the mesothelium to allow ovarian cancer cells 

access to the underlying stroma (Niedbala et al., 1985) (Figure 1.6). Many studies focus on 

adhesion molecules that promote ovarian cancer cell attachment to the ECM components on the 

mesothelium; however, the mechanisms regulating how ovarian cancer cells intercalate between 

the mesothelial monolayer are not as well understood (Cannistra et al., 1993; Cannistra et al., 1994; 

Kenny et al., 2008; Lessan et al., 1999). Therefore, it is important to understand the mechanisms 

that promote ovarian cancer mesothelial invasion.  

 

1.5.1 Ovarian Cancer Cell Interactions with Mesothelium Extracellular Matrix Proteins 

Mesothelial invasion involves interactions with ECM proteins that play a role in tumor cell 

attachment to the mesothelium. The mesothelium basement membrane is composed of collagen I,  

collagen IV, laminin, vitronectin, hyaluronic acid (HA), and fibronectin (Heyman et al., 2008; 

Lessan et al., 1999; Strobel and Cannistra, 1999; Witz et al., 2001). Ovarian cancer cells bind to 

hyaluronic acid, vitronectin, and fibronectin (Cannistra et al., 1993; Cannistra et al., 1995; Lessan 

et al., 1999). These three cell-matrix interactions will be defined further. 
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Figure 1.6. Model of mesothelial invasion. Ovarian cancer cells will adhere to, interact with, and 

invade through the mesothelium, a single cell layer of mesothelial cells that lines the peritoneal 

cavity, to access underlying stroma.  
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1.5.1.1 CD44 and Hyaluronic Acid  

CD44 interaction with hyaluronic acid promotes ovarian cancer cell adhesion to 

mesothelial cells. CD44 is a transmembrane glycoprotein that is expressed on ovarian cancer cells 

and the principal receptor for hyaluronic acid (Bourguignon et al., 2005; Cannistra et al., 1993; 

Garlanda and Mantovani, 1999).  Hyaluronic acid is a glycosaminoglycan produced by mesothelial 

cells and expressed around the cell membrane of mesothelial cells (Gardner et al., 1995; Jones et 

al., 1995; Lessan et al., 1999). The use of an anti-CD44 antibody partially prevented the adhesion 

of CD44 expressing ovarian cancer cells to hyaluronic acid on the mesothelial cells in vitro and in 

vivo (Cannistra et al., 1993; Gardner et al., 1996).  Furthermore, hyaluronic acid found in 

conditioned medium from cultured mesothelial cells inhibits ovarian cancer cell adhesion, 

conceivably by engaging CD44 on tumor cells and preventing their binding to hyaluronic acid on 

the mesothelial cell surface (Jones et al., 1995).  

 

1.5.1.2 αVβ3 integrin-Vitronectin 

Recent evidence demonstrates a role for vitronectin, a multifunctional adhesive ECM 

glycoprotein, and its receptor, αVβ3 integrin, in promoting the cross talk between the mesothelium 

and ovarian cancer cells (Heyman et al., 2008; Heyman et al., 2010; Kenny et al., 2008). A few 

groups demonstrated vitronectin staining in human peritoneal mesothelium tissue samples and 

omentum samples (Heyman et al., 2008; Kenny et al., 2008).  Vitronectin- αVβ3 integrin 

interactions facilitate cancer adhesion, motility, and mesothelial invasion (Heyman et al., 2008; 

Heyman et al., 2010).  Specifically, ovarian cancer adhesion to the mesothelium is mediated by 
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αVβ3/vitronectin interactions and is blocked by using anti-vitronectin and anti-αV blocking 

antibodies  (Heyman et al., 2008).  This group further demonstrated that mesothelial cells secrete 

vitronectin, and conditioned media from mesothelial cells promoted ovarian cancer cell migration 

(Heyman et al., 2010). Moreover, a vitronectin blocking antibody was utilized and inhibited 

ovarian cancer cell migration in vitro (Heyman et al., 2010).    

 

1.5.1.3 α5β1 integrin-Fibronectin 

Fibronectin interaction with α5β1 integrins is posited as a major mechanism for mesothelial 

invasion due to the mesothelial basement membrane expressing fibronectin at higher levels than 

any other ECM component (Kenny et al., 2008; Lessan et al., 1999).  Fibronectin is expressed by 

mesothelial cells (Kenny et al., 2014; Lessan et al., 1999). Additionally, fibronectin is highly 

expressed in ascites from ovarian cancer patients (Kenny et al., 2014).  Moreover, conditioned 

media from mesothelial cells was shown to contain fibronectin that stimulated ovarian cancer 

migration (Rieppi et al., 1999).  A recent study revealed that ovarian cancer cells stimulate 

mesothelial cell production of fibronectin thereby helping ovarian cancer cells metastasis (Kenny 

et al., 2014). In this same study, blocking antibodies to α5 or β1 were utilized and reduced 

metastasis in a mouse model of ovarian cancer  (Kenny et al., 2014).  Additionally, the interactions 

of α5β1-integrin with fibronectin mediate ovarian cancer cell attachment, and this attachment can 

be blocked utilizing neutralizing antibodies to α5β1 (Casey et al., 2001).  Dr. Joan Brugge’s 

research group showed that ovarian cancer spheroids clear the mesothelial monolayer by a force-

dependent mechanism utilizing α5β1 integrin, talin I, and myosin expressed in the cancer cells 
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(Iwanicki et al., 2011). Specifically, ovarian cancer spheroids cluster α5β1 integrin and strongly 

adhere to mesothelial fibronectin. Talin I is recruited in the cancer cells to stabilize and reinforce 

the α5β1 adhesions, and the ovarian cancer cell α5β1 integrin and mesothelial fibronectin 

interaction activates myosin contractility in the tumor cells to exert force on the mesothelial cells 

for clearance (Iwanicki et al., 2011).  The clearance of the mesothelial cells will allow the ovarian 

cancer spheroids to gain access to the underlying matrix.  This mechanism has been termed 

mesothelial clearance (Iwanicki et al., 2011).  

The interaction of α5β1 integrins and fibronectin is an important mediator in this invasive 

process by providing the point of attachment (Iwanicki et al., 2011; Niedbala et al., 1985).  

However, while the proposed mechanism of mesothelial clearance supports cell-matrix 

association, it does not demonstrate how traction force exerted on the mesothelial cells disrupts 

cell-cell junctions to allow the ovarian cancer cells to pass between them. Therefore, mesothelial 

invasion will also need to involve cell-cell adhesions between cancer and mesothelial cells.  

  

1.5.2 Ovarian Cancer Cell Interaction with Mesothelial Cell Adhesion Molecule  

Mesothelial cells express adhesion molecules such as intercellular adhesion molecule 1 

(ICAM-1), platelet-endothelial cell adhesion molecule-1 (PECAM-1), and/or vascular cell 

adhesion molecule 1 (VCAM-1) (Bittinger et al., 1996; Gardner et al., 1995).  ICAM-1 expression 

was induced in cultured mesothelial cells after tumor necrosis factor α (TNF-α) and interferon-γ 

(IFN-γ) stimulation (Garlanda and Mantovani, 1999; Jonjić et al., 1992). However, expression of 

the receptor for ICAM-1, lymphocyte function-associated antigen (LFA)-1, has not been reported 
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in ovarian cancer cells, lending to the idea that this adhesion molecule does not support ovarian 

cancer mesothelial invasion.  Otherwise, PECAM-1 is an essential molecule for leukocyte 

transmigration for activated endothelial cells (Garlanda and Mantovani, 1999).  PECAM-1 is 

expressed at intercellular junctions and endothelial barriers and increasing its expression would 

impede extravasation (Lertkiatmongkol et al., 2016). Additionally, blocking PECAM-1 inhibited 

trans-endothelial migration of leukocytes without affecting leukocyte adhesion (Muller et al., 

1993). Moreover, mesothelial cells show a low constitutive expression of PECAM-1 which cannot 

be induced further by inflammatory cytokines suggesting this molecule could participate in an 

alternative mechanism to promote mesothelial invasion (Bittinger et al., 1996). Interestingly, 

VCAM-1 is expressed on mesothelial cells isolated from ascites of patients with ovarian cancer 

(Cannistra et al., 1994).  Additionally, VCAM-1 binds α4β1 integrins, which are expressed on 

ovarian cancer cells (Cannistra et al., 1995).  Furthermore, VCAM-1 promotes ovarian cancer 

mesothelial invasion and metastatic progression (Slack-Davis et al., 2009).  Thus, this dissertation 

will highlight the importance of VCAM-1 as an important factor in governing ovarian cancer 

mesothelial invasion and metastasis.  

 

1.5.2.1 The Structural and Functional Role of VCAM-1 

VCAM-1 is a type I transmembrane glycoprotein characterized by seven extracellular C2-

type immunoglobulin (Ig) domains (Cybulsky et al., 1991; Hession et al., 1992; Hession et al., 

1991; Osborn et al., 1989; Pigott et al., 1992). While the seven-domain form of VCAM-1 is the 

most common form of VCAM-1, an alternatively spliced form has been identified that lacks the 
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4th Ig domain through alternate posttranscriptional splicing resulting in a six-domain form of 

VCAM-1 (Cybulsky et al., 1991; Hession et al., 1992; Osborn et al., 1989) (Figure 1.7).  VCAM-

1 sequences are quite similar across species, such that the rat, mouse, and human molecules are 

approximately 75% identical (Hession et al., 1992).  The alignments of VCAM-1 cytoplasmic 

domain amino acid sequences among different species shows significant homology with 

conservation at 17 of 19 amino acid residues (Chuang et al., 1997). 

VCAM-1 is most commonly studied on endothelial cells during inflammation.  Its 

expression is induced by pro-inflammatory cytokines such as interleukin-1β (IL-1β), interleukin-

4 (IL-4), IFN-γ, and TNF-α (Carlos and Harlan, 1994; Croft et al., 1999; Swerlick et al., 1992).  

Activated mesothelium, smooth muscle cells, and macrophages in atherosclerotic plaques express 

VCAM-1 (Cannistra et al., 1994; Carlos and Harlan, 1994; O'Brien et al., 1993; Osborn et al., 

1989).  Normally, VCAM-1 is not expressed on unstimulated endothelium and mesothelium 

(Carlos and Harlan, 1994).  Upon stimulation, VCAM-1 is expressed transiently and then rapidly 

internalized and turned over (Meerschaert and Furie, 1994; Meerschaert and Furie, 1995; Swerlick 

et al., 1992).  The VCAM-1 co-receptor or ligand is α4β1 integrin, and this integrin is expressed  

on lymphocytes, basophils, eosinophils, NK cells, and monocytes (Bhasin et al., 2004; Larbi et al., 

2000; Meerschaert and Furie, 1994; Meerschaert and Furie, 1995).  The engagement of VCAM-1 

and α4β1 integrin mediates the binding of these leukocytes to the mesothelium (Cannistra et al., 

1994) and stimulates the formation of actin-rich membrane extensions that form docking structures 

or transmigratory cups on the endothelium that facilitate firm adhesion and extravasation of 

leukocytes (Barreiro et al., 2002; Carman and Springer, 2004).   This process ultimately leads to 
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Figure 1.7. Structure of VCAM-1 splice forms.  The seven domain (7d) form is considered the 

predominant form of VCAM-1. A six domain (6d) form (the 4th domain missing) can also occur. 

Adapted from (Barthel et al., 2008).  
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gap formation between endothelial cells to allow passage of the leukocytes (Barreiro et al., 2002). 

In these docking structures, adaptor and linker molecules such as ezrin, radixin, and moesin are 

recruited after ligation of VCAM-1 resulting in the subsequent activation of the Rho-p160ROCK 

pathway (Barreiro et al., 2002).  The interaction of VCAM-1 and α4β1 integrin results in 

endothelial cell actin-based cytoskeleton to polymerize, cross-link, and reorganize into actin stress 

fibers  (Barreiro et al., 2002).   

 

1.5.2.2 The Functional Role of VCAM-1 in Metastatic Progression of Ovarian Cancer 

VCAM-1 interaction with α4β1 integrin is implicated in ovarian cancer metastatic 

progression.  Ovarian cancer mesothelial invasion is mediated, in part, by the interaction of α4β1 

integrin, found on the cancer cells, and its ligand, VCAM-1, found on the mesothelial cells (Scalici 

et al., 2013; Slack-Davis et al., 2009) (Figure 1.8).  Previously, a role for VCAM-1 was 

demonstrated in peritoneal metastasis (Slack-Davis et al., 2009).  Utilizing a co-culture assay 

system to measure the ability of cancer cells to invade the mesothelium, Slack-Davis et. al showed 

that functional blocking antibodies to VCAM-1 or α4β1integrin inhibited mesothelial invasion of  

the cancer cells by 40% (Slack-Davis et al., 2009).   Furthermore, treatment of mesothelial cells 

with VCAM-1 siRNA or cancer cells with α4 siRNA decreased mesothelial invasion (Slack-Davis 

et al., 2009).  Moreover, inhibition of VCAM-1 function reduced tumor burden and mesothelial 

invasion and increased survival in a mouse model implicating VCAM-1 as an important regulator 

of ovarian cancer metastasis (Slack-Davis et al., 2009).    



 

 

 

 

   

3
1
 



32 

 

 

 

Figure 1.8. Trans-invasion of ovarian cancer through the mesothelium.  This process is believed 

to be like leukocyte extravasation where the cancer cells will roll over the mesothelium (1), adhere 

by α4β1 integrin interaction with VCAM-1 and spread onto the mesothelium (2), and trans-invade 

the mesothelium (3).  
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Patient data also support a role for VCAM-1 in metastatic progression. Particularly, 

increased VCAM-1 mRNA and protein expression was observed on the mesothelium of ovarian 

cancer patients compared with the peritoneum of patients with benign gynecologic conditions 

(Slack-Davis et al., 2009; Wang et al., 2005) (Figure 1.9).  Moreover, through a retrospective 

analysis of omental or peritoneal biopsies, the incidence of VCAM-1 expression increased with 

tumor stage and is associated with peritoneal metastasis (Scalici et al., 2013). Recently, mesothelial 

VCAM-1 expression was reported to be associated with an unfavorable prognosis for ovarian 

cancer patients (Scalici et al., 2016). Specifically, the data showed a significantly poorer 

progression-free and overall survival in patients expressing mesothelial VCAM-1 (Scalici et al., 

2016).  These observations implicate a potential role for VCAM-1 to function as a marker of 

ovarian cancer progression.   

 

1.6 Significance and overview  

 

The factors and conditions that promote VCAM-1 expression on the mesothelium in the 

ovarian cancer metastatic microenvironment are poorly understood.  Intriguingly, components 

within the ovarian cancer metastatic microenvironment, such as growth factors found at elevated 

levels in the malignant ascites, may fulfill this regulatory role.  With the elevated concentrations 

of LPA in ovarian cancer patients (Xiao et al., 2001; Xiao et al., 2000; Xu et al., 1995) and its 

ability to induce VCAM-1 expression in endothelial cells (Shimada and Rajagopalan, 2010; Sun 

and Yang, 2010), this bioactive lipid is an attractive candidate for regulating VCAM-1 expression 
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Figure 1.9.  Mesothelial VCAM-1 expression.  Immunohistochemistry was used to detect VCAM-

1 expression (arrowhead) on the mesothelium (arrow) of peritoneal biopsies from women with no 

cancer or with ovarian cancer.   Adapted from (Slack-Davis et al., 2009).
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observed on the mesothelium. Therefore, the overall objective is to evaluate the contributions of 

LPA in promoting mesothelial invasion and tumor progression through the regulation of 

mesothelial VCAM-1 within the ovarian cancer metastatic microenvironment. 

Previous studies demonstrated that LPA stimulates ovarian cancer metastasis in orthotopic 

and syngeneic ovarian cancer mouse models (Kim et al., 2006; Li et al., 2009). Daily injection or 

implantation of a pump producing LPA significantly increases tumor burden and enhances tumor 

metastasis in vivo (Kim et al., 2006; Li et al., 2009). While the effects of LPA on ovarian cancer 

progression are clear, the effects of LPA metabolism within the tumor microenvironment on 

peritoneal metastasis have not been reported.   Chapter 2 reports the effects of LPA metabolism 

within the tumor microenvironment to promote peritoneal metastasis.  We hypothesized that 

increased LPA within the tumor microenvironment would promote ovarian cancer tumor 

progression and metastasis. We tested this hypothesis by utilizing a syngeneic mouse model of 

ovarian cancer and mice deficient in LPP1 expression (LPP1 KO).  We evaluated mesothelial 

invasion and tumor progression, as well as mesothelial VCAM-1 expression. Chapter 3, 

documents a role for LPA in regulating mesothelial VCAM-1 expression. We hypothesize that 

LPA promotes mesothelial invasion through the regulation of mesothelial VCAM-1 expression 

within the ovarian cancer tumor microenvironment (Figure 1.10). We tested this hypothesis by 

inhibiting or blocking the activity of the LPA receptor, LPA1, in mesothelial cells to determine 

how LPA influences mesothelial invasion and regulates mesothelial VCAM-1 expression. Finally, 

in Chapter 4, we discuss the importance of the in vivo and in vitro studies described in Chapters 

2 and 3 in context to what is known in the field.  Future experiments are proposed to elucidate the 
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LPA-mediated signaling pathways leading to VCAM-1 expression.  Moreover, experiments have 

been proposed to determine a role for the tumor cells in initiating VCAM-1 expression.  These 

studies are necessary to provide insights regarding the role LPA plays in promoting and regulating 

VCAM-1 expression within the ovarian cancer metastatic microenvironment because identifying 

the mechanism that regulate ovarian cancer metastasis will provide much needed additional 

opportunities for the treatment of ovarian cancer.  
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Figure 1.10 Model of hypothesis.  LPA targets the ovarian cancer metastatic microenvironment 

to promote mesothelial invasion through the upregulation of mesothelial VCAM-1 expression. 
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Chapter 2. Increased Early Tumorigenesis and Metastasis in LPP1 KO Mice.   
 

*Adapted from Nakayama, J., Raines, T.A., Lynch, K.R., Slack-Davis, J.K. (2015). Decreased 

peritoneal ovarian cancer growth in mice lacking expression of lipid phosphate 

phosphohydrolase 1. PLoS One, 10 (13), e0120071. 

 

**All figures, except for Figure 2.1A, were completed by TAR.  Figure 2.1A was completed by 

JN.  

 

2.1 Abstract  

Lysophosphatidic acid (LPA) is a bioactive lipid that enhances ovarian cancer cell 

proliferation, migration and invasion in vitro and stimulates peritoneal metastasis in vivo.  LPA is 

generated through the action of autotaxin or phospholipases, and degradation begins with lipid 

phosphate phosphohydrolase (LPP)-dependent removal of the phosphate.  While the effects of 

LPA on ovarian cancer progression are clear, the effects of LPA within the tumor 

microenvironment on peritoneal metastasis have not been reported.  We examined the contribution 

of lipid phosphatase activity to ovarian cancer peritoneal metastasis using mice deficient in LPP1 

expression.  Homozygous deletion of LPP1 (LPP1 KO) results in elevated levels and decreased 

turnover of LPA in vivo.  Within two weeks of intraperitoneal injection of syngeneic mouse ovarian 

cancer cells, we observed enhanced tumor seeding in the LPP1 KO mice compared to wild type. 

Additionally, in LPP1 KO mice we observed a higher incidence of microscopic tumor nodules and 

mesothelial invasion as compared to wild type mice, which was coincident with increased 

expression of vascular cell adhesion molecule-1 (VCAM-1); VCAM-1 is elevated on the 

mesothelium of OC patients where it functions to promote mesothelial invasion and tumor 

progression.  Together, these observations demonstrate that the elevated levels of LPA in LPP1 

KO mice affect the tumor microenvironment to promote mesothelial invasion in vivo. 
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2.2 Introduction  

Lysophosphatidic acid (LPA) is a bioactive lipid that regulates several cellular functions 

critical for tumorigenesis and metastasis including proliferation, survival, cytoskeletal 

reorganization, migration, invasion and cytokine production (Bian et al., 2006; Fang et al., 2000a; 

Fang et al., 2000b; Goldsmith et al., 2011; Mills and Moolenaar, 2003).  The importance of LPA 

to ovarian cancer progression was established when it was identified as a growth factor in 

malignant ascites (Xu et al., 1995).  LPA stimulates cellular activities via at least three (LPA1, 

LPA2, and LPA3) and perhaps as many as 6 (LPA4-6) G-protein coupled receptors.  LPA1 is 

expressed on normal ovarian surface epithelium; the expression of LPA2 and LPA3 is induced in 

the cancer cells (Fang et al., 2000a).  Upon binding its receptor, LPA stimulates ovarian cancer 

cell proliferation through activation of Gα12 (Goldsmith et al., 2011). All three receptors regulate 

ovarian cancer cell migration and invasion directly by activating pro-migratory Rac and Rho-

dependent signaling pathways (Bian et al., 2006; Bian et al., 2004). In addition, LPA promotes 

ovarian cancer growth and metastasis indirectly by stimulating the production of proteases (MMP 

and urokinase plasminogen activator (uPA) (Fishman et al., 2001; Li et al., 2005), and cytokines 

(IL-6 and IL-8), which play a role in ovarian cancer invasion and metastasis (So et al., 2004).  LPA 

binding to LPA2 or LPA3 increases production of IL-6, IL-8, and VEGF.  Indeed, knockdown of 

LPA2 or LPA3 decreases IL-6 production, and their over-expression leads to increased serum 

levels of IL-6 and VEGF, increased tumor burden and shortened survival times in a mouse model 

of ovarian cancer peritoneal metastasis; modulation of LPA1 had no significant effect in this study 

(Yu et al., 2008).   
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LPA is produced by a variety of cells within the tumor microenvironment including 

platelets, mesothelial cells, adipocytes, endothelial cells and ovarian cancer cells (Pagès et al., 

2001; Ren et al., 2006), and in the absence of cancer, concentrations are tightly maintained below 

one μM.  Levels of LPA are significantly elevated in plasma and ascites (up to 50 μM) of women 

with ovarian cancer (Xiao et al., 2001), and increased plasma LPA has been suggested as a 

biomarker for ovarian cancer (Sutphen et al., 2004).  Members of the phospholipase A1 (PLA1) 

and PLA2 families remove a fatty acid chain from phosphatidic acid to form LPA.  Autotaxin 

(ATX), an extracellular lysophospholipase D also generates LPA following the removal of choline 

from lysophosphatidylcholine.  PLA2 and autotaxin are elevated in ovarian cancer patients (Cai et 

al., 2012; Tokumura et al., 2007), and a positive feedback loop exists between vascular endothelial 

growth factor (VEGF) and ATX production by ovarian cancer cells (Ptaszynska et al., 2008).   

LPA catabolism is initiated by lipid phosphate phosphohydrolases (LPPs), types 1, 2 and 

3, which remove the phosphate to generate monoacylglycerol (MAG).  MAG is further cleaved by 

monoacylglycerol lipase to release the fatty acid chain from glycerol.  LPP1 and LPP3 expression 

are reduced in human ovarian cancers relative to normal ovarian tissue (Tanyi et al., 2003b), while 

forced over-expression of either LPP1 or LPP3 decreases tumorigenesis of ovarian cancer cells in 

mouse models presumably from decreased levels of LPA (Tanyi et al., 2003a; Tanyi et al., 2003b). 

In addition to regulating ovarian cancer cell proliferation, survival, migration, and invasion 

in vitro, the ability of LPA to promote ovarian cancer invasion and growth has been demonstrated 

in mouse models of peritoneal metastasis; daily injection or implantation of pumps producing high 

concentrations of LPA increased tumor burden in immune compromised and syngeneic mouse 
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models (Kim et al., 2006; Li et al., 2009).  However, the effects of LPA metabolism within the 

tumor microenvironment on peritoneal metastasis have not been reported.  We sought to determine 

whether impaired LPA phosphatase (specifically LPP1) activity affected ovarian cancer peritoneal 

metastasis.  Rather than target LPP1 activity in the tumor cells, we examined the effect of LPP1 

loss in the tumor microenvironment using mice lacking LPP1 expression following the insertion 

of an exon-trap (LPP1 KO) (Tomsig et al., 2009) and syngeneic mouse ovarian cancer cells (Roby 

et al., 2000).  Lipid phosphatase activity in LPP1 KO mice is markedly decreased (35-95%) in 

multiple tissues, including those found within the peritoneal cavity (Tomsig et al., 2009).  

Additionally, plasma LPA is metabolized four times more slowly than wild type mice, and plasma 

concentrations of LPA are significantly elevated in the LPP1 KO mice (Tomsig et al., 2009).  Here, 

we report that peritoneal ovarian cancer growth in LPP1 KO mice was elevated as early as two 

weeks after initiation relative to wild type controls; LPP1 KO mice harbored increased invasive 

microscopic nodules; and mesothelial vascular cell adhesion molecule 1 (VCAM-1) expression 

was increased in LPP1 KO mice.  Together, these observations support the notion that LPA 

influences the tumor microenvironment to promote mesothelial invasion in vivo, potentially 

through the regulation of mesothelial VCAM-1 protein expression. 

 

2.3 Results  

2.3.1 Increased Tumor Seeding of the Peritoneum in LPP1 KO Mice 

LPA stimulates many aspects of ovarian cancer cell biology including ovarian cancer 

growth and progression (Bian et al., 2006; Bian et al., 2004; Fang et al., 2000a; Fishman et al., 
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2001; Goldsmith et al., 2011; Li et al., 2005; So et al., 2004; Yu et al., 2008); however a role for 

LPA in the tumor microevinronmnt is underexplored.  We investigated the effect of reduced LPA 

turnover on metastatic peritoneal ovarian cancer growth and progression using mice lacking the 

lipid phosphatase, LPP1 (LPP1 KO) and a syngeneic mouse ovarian cancer cell line, ID8ip2Luc.  

In vivo imaging of mice following intraperitoneal (IP) injection of ID8ip2Luc cells revealed 

increased luminescence in LPP1 KO mice compared to wild type within two weeks (Figure 2.1A).  

The weights of the omentums were not different (Figure 2.1B).  Importantly, significantly more 

microscopic nodules were detected in omentum from LPP1 KO mice compared to wild type 

(Figure 2.1C).  Together, these observations indicate that loss of LPP1 in the tumor 

microenvironment facilitates tumor seeding and mesothelial invasion of the peritoneal cavity. 

 

2.3.2 LPP1 KO Mice Exhibit Increased Invasive Microscopic Tumor Nodules 

Since LPP1 KO mice demonstrated increased tumor seeding, H&E stained sections of 

omentums from wild type and LPP1 KO were evaluated for invasion. Tissues were scored for the 

presence of tumors and whether they were invasive (Figure 2.2A). Noninvasive tumors show a 

smooth interface between tumor, and underlying tissue and invasive tumors spider into the fat of 

the omentums (Figure 2.2A). Evaluation of H&E stained sections of the omentum revealed the 

presence of microscopic tumor nodules (Figure 2.2A), consistent with previous observations 

(Slack-Davis et al., 2009).  LPP1 KO mice were more likely to harbor invasive lesions as compared 

to wild type mice (Figure 2.2B). Together, these observations indicate that loss of LPP1 in the 

tumor microenvironment facilitates mesothelial invasion.



45 

 

 

 

 

 

 

 

 

 

. 

 

 

 



46 

 

 

 

Figure 2.1.  Increased peritoneal tumor seeding in LPP1 KO mice.  A. Mice (wild type n=10; 

LPP1 KO n=12) were imaged weekly following tumor initiation to monitor tumor growth.  Data 

represent mean total flux (photons/second) ± std err and were analyzed by 2-way ANOVA 

followed by Tukey’s multiple comparisons test. B. Omentums were removed and weighed two 

weeks after tumor initiation from wild type and LPP1 KO mice.  Data represent mean +/- std dev 

for all animals, each of which is indicated by a single point.  C. The total number of microscopic 

tumor nodules was counted in an individual, randomly selected, H&E stained section of omentum 

per mouse obtained two weeks after tumor initiation (WT n=7; LPP1 KO n=8).  Data represent the 

mean ± std dev of all animals (indicated by individual points) and were analyzed with a Student t-

test; *, p < 0.05.   
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Figure 2.2.  LPP1 KO mice have increased mesothelial invasion.  ID8ip2Luc ovarian cancer cells 

were injected IP into C57/Bl6 (WT, n = 7) or LPP1 KO (n = 8) mice.  A. H&E stained sections of 

omentum were evaluated for microscopic tumors and the extent of invasion.  Arrows indicate the 

mesothelium; arrowheads indicate tumor.  Non-invasive tumors were characterized as having a 

smooth interface between the tumor and underlying tissue.  Invasive tumors were scored as those 

spidering through and taking over the underlying tissue, in this case, omental fat. B. The percentage 

of wild type or LPP1 KO mice with invasive tumors (solid bars), non-invasive tumors (striped 

bar), and no tumors (checkered bars) 2 weeks after tumor initiation.  Number of mice per outcome 

is indicated.  Significance determined by Fisher’s Exact Test; *, p < 0.001.   
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2.3.3 Mesothelial VCAM-1 Expression Increased in LPP1 KO Mice  

Previously, a role for VCAM-1 expressed on the mesothelium was demonstrated as an 

important regulator of ovarian cancer invasion in vitro and in vivo (Slack-Davis et al., 2009).  

Particularly, VCAM-1 was expressed on the mesothelium of patients with ovarian cancer where it 

functions to promote mesothelial invasion. Additionally, mice treated with a VCAM-1 blocking 

antibody had more non-invasive tumors as compared to the control treatment group demonstrating 

that VCAM-1 is also an important regulator of mesothelial invasion. Next, we sought to determine 

VCAM-1 expression on the mesothelium. Interestingly, LPP1 KO mice had a higher incidence of 

mesothelial VCAM-1 expression (Figure 2.3A and B) offering the possibility that LPA regulates 

VCAM-1 expression to promote mesothelial invasion.  

 

2.4 Discussion 

LPA is an important regulator of ovarian cancer growth and metastasis.  In addition to the 

increased levels found in ascites, ATX activity is elevated, and the tumors themselves have a de 

novo expression of LPA receptors (LPA2 and LPA3) (Fang et al., 2000a) and decreased expression 

of LPP1 and LPP3 (Tanyi et al., 2003a; Tanyi et al., 2003b).  Here, we show that loss of LPP1 

expression within the tumor microenvironment has an effect on the establishment and growth of 

ovarian cancer within the peritoneal cavity.  Loss of LPP1 expression within the tumor 

microenvironment led to increased tumor seeding following IP injection of ovarian cancer cells, 

increased invasive microscopic tumor nodules, and increased mesothelial VCAM-1 expression.  
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Figure 2.3.  LPP1 KO mice have increased VCAM-1 expression. A. Omentums from wild type 

(left panel) and LPP1 KO (right panel) mice were obtained 2 weeks after tumor initiation and 

stained for VCAM-1 expression using IHC (see Materials and Methods).  Representative images 

depict the mesothelium (arrows) and positive VCAM-1 staining (arrowheads) in the LPP1 KO 

mice with the lack of VCAM-1 reactivity on the mesothelium of wild type mice.  B. The percentage 

wild type or LPP1 KO mice with (positive, solid bars) or without (negative, checkered bars) 

mesothelial VCAM-1 staining by IHC.  Number of mice per outcome is indicated.  Significance 

determined by Fisher’s Exact Test; *, p < 0.001.  
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LPP1 KO mice have increased plasma LPA levels due to reduced LPA turnover (Tomsig 

et al., 2009). We observed an increase in tumor seeding early after tumor initiation in LPP1 KO 

mice. These data are consistent with previous findings which revealed that LPA promoted 

tumorigenesis in vivo (Li et al., 2009). Specifically, utilizing a syngeneic mouse model of ovarian 

cancer, daily injection of LPA showed increased tumor development as compared to mice injected 

with control PBS (Li et al., 2009). Moreover, immunocompromised mice orthotopically 

transplanted with human ovarian cancer cells onto their ovaries and also injected daily with LPA 

demonstrated early tumor initiation and development as compared to control (Kim et al., 2006; 

Sengupta et al., 2006). These findings, in conjunction with the literature, suggest that LPA in the 

ovarian cancer tumor microenvironment promotes tumorigenesis.  

In this study, an increase in mesothelial invasion was observed in LPP1 KO mice. 

Furthermore, LPP1 KO mice had more invasive tumor nodules as compared to wild type.  These 

results are consistent with the effects of LPA on cell migration and invasion of established and 

primary ovarian cancer cells (Bian et al., 2006; Fang et al., 2000a; Sengupta et al., 2006). LPA has 

also been reported to stimulate mesothelial invasion in cell culture models (Ren et al., 2006) and 

in vivo, although a mechanism has not been defined (Li et al., 2009).  Interestingly, LPP1 KO mice 

had a higher incidence of mesothelial VCAM-1 expression.  Previously,  a role for mesothelial 

VCAM-1 was demonstrated in the regulation of ovarian cancer invasion in vitro and in vivo (Slack-

Davis et al., 2009). Particularly, VCAM-1 was elevated on the mesothelium of ovarian cancer 

patients where it functions to promote mesothelial invasion and tumor progression (Slack-Davis 

et al., 2009). Taken together, these observations offer the possibility that LPA might regulate 
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VCAM-1 expression to promote mesothelial invasion. However, LPP1 hydrolyzes phosphates in 

other bioactive lipids, including sphingosine-1-phosphate (S1P), which stimulates ovarian cancer 

cell invasion and migration  (Park et al., 2007a; Sciorra and Morris, 2002; Wang et al., 2008).  

Moreover, VCAM-1 expression can be induced by S1P (Sashio et al., 2012). Therefore, the loss 

of LPP1 might affect VCAM-1 expression by increasing levels of more than one bioactive lipid.  
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Chapter 3. LPA-dependent Regulation of VCAM-1 in the Ovarian Cancer 

Metastatic Microenvironment Promotes Mesothelial Invasion. 

 

3.1  Abstract 

The ovarian cancer microenvironment plays an important role in metastatic progression. 

Interactions between ovarian cancer cells and non-transformed mesothelial cells facilitate ovarian 

cancer cell attachment to and invasion through the mesothelium, which is a necessary step in 

metastatic dissemination. Lysophosphatidic acid (LPA) is a bioactive lipid that has pleotropic 

cellular effects and is abundant in a variety of pathological conditions including ovarian cancer 

where it promotes cancer cell growth and metastasis. In this study, we examined the effects of 

LPA on mesothelial cells to regulate mesothelial invasion. Utilizing a co-culture assay system and 

inhibiting the activity or expression of the LPA receptor, LPA1, in human mesothelial cells 

reduced ovarian cancer cell invasion of mesothelial monolayers. We previously demonstrated that 

vascular cell adhesion molecule-1 (VCAM-1), which is expressed on the mesothelium of ovarian 

cancer patients, regulates mesothelial invasion. Here, we report that LPA1 knockdown in 

mesothelial cells or treatment with an antagonist targeting LPA1 decreased VCAM-1 protein and 

mRNA expression.  Metabolic labeling of human mesothelial cells indicated a significant decrease 

in VCAM-1 protein synthesis in cells lacking LPA1 expression compared to control. Importantly, 

exogenous expression of VCAM-1 in cells deficient in LPA1 expression restored mesothelial 

invasion. Taken together, these observations indicate that LPA regulates VCAM-1 expression on 

the mesothelium to promote ovarian cancer cell invasion.  
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3.2   Introduction 

Ovarian cancer is the most lethal gynecologic malignancy due in large part to the high 

incidence of advanced-stage, metastatic disease at the time of diagnosis (Ozols, 2005).  Ovarian 

cancer metastasizes by forming secondary implants throughout the peritoneal cavity.  Following 

detachment from the primary tumor site, ovarian cancer cells attach to and invade through the 

mesothelium, a single cell layer of mesothelial cells that lines the peritoneal cavity, to access 

underlying stroma (Eder et al., 2000; Iwanicki et al., 2011; Slack-Davis et al., 2009; Strobel and 

Cannistra, 1999). Ovarian cancer invasion of the mesothelium is associated with an unfavorable 

prognosis (Bell et al., 2004).  Mesothelial cells actively participate in promoting ovarian cancer 

cell invasion by 1) producing growth factors and extracellular matrix proteins that attract ovarian 

cancer cells to sites of invasion (Kenny et al., 2014; Lee et al., 1993; Offner et al., 1996; Ren et 

al., 2006; Said et al., 2007; Stadlmann et al., 2005) and 2) expressing adhesion molecules that 

allow ovarian cancer cell attachment and passage through the mesothelium (Cannistra et al., 1993; 

Lessan et al., 1999; Slack-Davis et al., 2009).  We demonstrated that expression of vascular cell 

adhesion molecule-1 (VCAM-1), a cell surface receptor, is induced on the mesothelium of ovarian 

cancer patients (Slack-Davis et al., 2009).  Functionally blocking mesothelial VCAM-1 inhibits 

ovarian cancer cell invasion of the mesothelium, decreases tumor burden, and increases survival 

in a mouse model of ovarian cancer peritoneal metastasis (Slack-Davis et al., 2009). Moreover, 

VCAM-1 expression increases with tumor stage (Scalici et al., 2013) and is associated with an 

unfavorable prognosis(Scalici et al., 2016). However, the mechanisms that regulate mesothelial 

VCAM-1 expression within the ovarian cancer microenvironment are unclear.   
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Increased concentrations of lysophosphatidic acid (LPA) are found in both malignant ascites 

and plasma samples of ovarian cancer patients (Sutphen et al., 2004; Xiao et al., 2001; Xiao et al., 

2000; Xu et al., 1995). LPA stimulates proliferation, survival, adhesion, migration, and invasion 

of ovarian cancer cells (Bian et al., 2006; Fang et al., 2000a; Mills and Moolenaar, 2003).  

However, apart from stimulating angiogenesis (Jeon et al., 2010), little is known about the effects 

of LPA on the non-transformed cells within the tumor microenvironment.  In Chapter 2, we 

showed that intraperitoneal injection of mouse ovarian cancer cells into mice that lack expression 

of the LPA phosphatase, LPP1 (LPP1 KO), which results in elevated circulating concentrations of 

LPA produces a higher incidence of tumors invading the mesothelium compared to wild type mice 

(Nakayama et al., 2015).  Also, LPP1 KO mice display increased expression of VCAM-1 on the 

mesothelium shortly after tumor initiation (Nakayama et al., 2015). Based on these observations, 

we investigated whether LPA targets the mesothelium to promote in vitro ovarian cancer invasion 

through the regulation of mesothelial VCAM-1 expression. 

 

3.3  Results 

3.3.1 LPA Receptor Expression in Mesothelial Cells 

LPA is abundant in the ovarian cancer metastatic microenvironment where it promotes 

ovarian cancer cell migration and invasion (Bian et al., 2006; Fang et al., 2000a; Kim et al., 2006; 

Li et al., 2009; Mills and Moolenaar, 2003; Nakayama et al., 2015); however, apart from 

stimulating angiogenesis (Jeon et al., 2010), a role for LPA in the tumor microenvironment is 

poorly understood. Previous studies in human peritoneal mesothelial cells isolated from gastric 

cancer patients demonstrated LPA1 was the predominately expressed receptor with weak 



57 

 

 

 

expression or no expression of LPA2 or LPA3, respectively (Sako et al., 2006).   Using multiple 

primer sets (Figure 3.1A), we confirmed abundant expression of LPA1 and low expression of LPA2 

by quantitative RT-PCR (qRT-PCR) in LP9 mesothelial cells isolated from a woman with ovarian 

cancer  (Connell and Rheinwald, 1983) (Figures 3.1B and C).  LPA3 was not expressed (Figures 

3.1B and C). The results are in accordance with the previous findings that LPA1 and LPA2 are 

expressed in mesothelial cells.  

 

3.3.2 LPA1 Promotes Ovarian Cancer Cell Trans-Mesothelial Invasion 

To determine whether LPA1 or LPA2 expression in mesothelial cells contributed to 

ovarian cancer cell invasion of the mesothelium, each receptor was knocked down in LP9 

mesothelial cells with siRNA, and the ability of SKOV3ip1 ovarian cancer cells to invade LP9 

monolayers was determined using a co-culture assay system (henceforth referred to as “trans-

mesothelial invasion”)  (Slack-Davis et al., 2009).  Following transfection of LP9 cells with siRNA 

directed against LPA1, qRT-PCR showed a 75% reduction in LPA1 expression with no effect on 

LPA2 expression (Figure 3.2A, left panel).  Knockdown of LPA2 showed no statistically 

significant effect on LPA1 and LPA2 expression (Figure 3.2A, right panel). LPA1 knockdown in 

LP9 mesothelial cells reduced SKOV3ip1 cell invasion by 65% while siLPA2 treatment had a 

marginal effect (Figure 3.2B).  Treatment of the co-culture with VPC51299, an antagonist against 

LPA1 and LPA3 (East et al., 2011), also inhibited trans-mesothelial invasion by 40% (Figure 

3.2C). These observations indicate that LPA1 expression on mesothelial cells promotes ovarian 

cancer cell invasion of the mesothelium.   
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Figure 3.1. LPA receptor expression in LP9 mesothelial cells.  A.  Diagram of multiple primers 

(A, B, and C) for the indicated sequences of LPA1, LPA2, and LPA3.  B. Expression of LPA 

receptors 1, 2, and 3 in LP9 mesothelial cells was determined by PCR using multiple primer sets 

(A, B, and C) listed in Table 5.1.  C. Relative expression of LPA1, LPA2, and LPA3 mRNA in 

LP9 mesothelial cells determined by quantitative RT-PCR compared to β glucuronidase (GUSB) 

using the delta-delta Ct method. Primer sets for LPA1-A, LPA2-A, LPA3-A, and GUSB are listed 

in Table 5.1. 
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Figure 3.2. Mesothelial LPA1 promotes ovarian cancer cell invasion. A. LPA1 (left panel) and 

LPA2 (right panel) mRNA expression in LP9 mesothelial cells were determined by qRT-PCR 

following knockdown with specific siRNA oligos or scrambled control (siCtrl).  Data are 

expressed relative to siCtrl.  B. Representative images (a-i) of SKOV3ip1 ovarian cancer cell 

invasion through mesothelial monolayers (trans-mesothelial invasion) was performed as described 

previously (Slack-Davis et al., 2009). SKOV3ip1 cells (green) were plated on a monolayer of LP9 

mesothelial cells (orange) previously subjected to siCtrl (a.-c.), siLPA1 (d.-f.), or siLPA2 (g.-i.) 

knockdown. Confocal microscopy was used to obtain 1µm Z-stacks; SKOV3ip1 cells in an image 

from the top third of the Z-stack (top; b, e, and h) were pseudo-colored blue and merged with an 

image from the bottom third of the Z-stack (bottom; c, f, and i). Percent trans-mesothelial invasion 

of SKOV3ip1 was determined by the ratio of green to total cells in the merged images (a, d, and 

g). The graph depicts the mean ± SEM of three independent experiments.  Significance determined 

by one-way ANOVA followed by Newman-Keuls multiple comparison test (A and B) C. 

Representative images of the trans-mesothelial invasion assay of untreated co-cultures (0 µM) (a.-

c.) or those treated with 10 µM VPC51299 (d.-f.). Percent trans-mesothelial invasion was 

determined as described in B. Data represent the mean ± SEM of two independent experiments.  

Significance determined by an unpaired T-test; *, p < 0.05, relative to siCtrl or untreated control. 
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3.3.3 LPA1 Regulates Mesothelial VCAM-1 Expression 

VCAM-1 regulates ovarian cancer cell invasion of the mesothelium in vitro and in vivo, 

and functional blockade of VCAM-1 in a mouse model of peritoneal ovarian cancer metastasis 

decreases mesothelial invasion, which is accompanied by reduced tumor burden, and increased 

survival (Slack-Davis et al., 2009). Additionally, VCAM-1 expression is elevated on the 

mesothelium of LPP1 KO mice compared to wild type mice with tumors (Chapter 2, Figure 2.3)  

(Nakayama et al., 2015). Therefore, we examined whether LPA regulated VCAM-1 expression in 

LP9 mesothelial cells to promote mesothelial invasion.   Utilizing flow cytometry, VCAM-1 

expression was detected on the cell surface (Figure 3.3A). Knockdown of LPA1 resulted in a 50% 

reduction in cell surface expression of VCAM-1 (Figure 3.3B).  Western analysis revealed an 80% 

reduction in total VCAM-1 protein following siRNA knockdown of LPA1 (Figure 3.3C and D).  

To rule out non-specific effects of LPA1 knockdown on VCAM-1 expression, LPA1 was knocked 

down with the four individual oligomers of the SMART pool siRNA (Figure 3.4A). In each case, 

VCAM-1 expression paralleled the extent of LPA1 knockdown (Figures 3.4B and C).  Similar 

results were observed using a second human mesothelial cell line, LP3 (Figure 3.4D). 

 We next examined LPA effects on VCAM-1 mRNA expression. Knockdown of LPA1 

resulted in a 50% reduction in VCAM1 mRNA expression in LP9 mesothelial cells (Figure 3.5A). 

To rule out the possibility that LPA1 knockdown eliminated expression of alternatively spliced 

VCAM-1 transcripts rather than the entire gene, qRT-PCR was performed using primer sets that 

span the entire VCAM1 mRNA sequence (Figure 3.5B, top panel). Knockdown of LPA1 with each 

of the three individual oligomers that showed the greatest knockdown efficiency (oligomers 
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Figure 3.3. LPA1 knockdown decreases VCAM-1 protein expression in mesothelial cells. A. 

Geometric mean fluorescence intensity (MFI) of VCAM-1 surface expression in LP9 cells 

transfected with control (red line) or LPA1,2 siRNA (orange line). Isotype control – blue and green 

lines.  B. Quantification of flow cytometry analysis of VCAM-1 expression after control (siCtrl) 

or LPA1 (siLPA1) siRNA knockdown. In each case, the anti-VCAM-1 MFI was divided by the 

isotype control, and both are presented relative to siCtrl. Data represent the mean ± SEM of two 

independent experiments. C.  Western analysis of LP9 cells transfected with siRNA against control 

or LPA1 and blotted for VCAM-1 or actin (loading control). D.  Quantification of signal intensities 

for VCAM-1 was normalized to actin and expressed relative to siCTrl. Data represent the mean ± 

SEM of three independent experiments Significance for B and D determined by an unpaired T-

test; *, p < 0.05. 
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Figure 3.4. LPA1 knockdown using Smart pool and siRNA oligos decreases VCAM-1 protein 

expression. A. Diagram of siRNA Smart pool and individual siRNA (6, 7, 8, 9) oligos targets on 

LPA1 mRNA B. LP9 mesothelial cells were transfected with control (siCtrl), Smart Pool (SP), or 

individual oligos (6, 7, 8, and 9) targeting LPA1 for 48 hours.  Lysates were analyzed by Western 

blot for VCAM-1 or actin (loading control). C. LPA1 mRNA expression was determined by qRT-

PCR in LP9 mesothelial cells following transfection with siRNA Smart Pool, individual siRNA 

(6, 7, 8, 9) or scrambled control (siCtrl) oligos. Data were analyzed using the delta-delta CT 

method. The change in gene expression was normalized to GUSB and expressed relative to siCtrl. 

The graph depicts the mean ± SEM of two independent experiments.    D. Western analysis of LP3 

mesothelial cells 48 hours after LPA1 knockdown blotted for VCAM-1 or actin (loading control).   
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Figure 3.5. LPA1 knockdown decreases VCAM-1 mRNA expression in mesothelial cells. A. 

VCAM1 mRNA expression in LP9 cells following knockdown with LPA1 siRNA or control 

(siCtrl). Primer sets for VCAM-1-A and GUSB in Table 5.1.  The relative change in gene expression 

was normalized to GUSB and expressed relative to siCtrl. The graph depicts the mean ± SEM of 

three independent experiments. B. VCAM1 mRNA expression in LP9 mesothelial cells following 

knockdown with LPA1 siRNA or control (siCtrl) using primers for the indicated sequences of 

VCAM1 (top panel; VCAM-1-A, VCAM-1-B, VCAM-1-C, VCAM-1-D, VCAM-1-E) and GUSB 

(Table 5.1). Data were analyzed using the delta-delta CT method.  The relative change in gene 

expression was normalized to GUSB and expressed relative to siCtrl. The graph depicts the mean 

± SEM of four independent experiments. *, p < 0.05. 
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7-9) decreased VCAM1 mRNA expression across the entire transcript (Figure 3.5B). Taken 

together, the data indicate that LPA1 regulates VCAM-1 expression on the mesothelium. 

 

3.3.4 Autocrine Production of LPA in Mesothelial Cells 

LP9 mesothelial cells constitutively produce LPA and constitutively express VCAM-1 

(Figure 3.5) (Cannistra et al., 1994; Ren et al., 2006; Slack-Davis et al., 2009). To confirm that 

LPA was produced by LP9 mesothelial cells (Ren et al., 2006), conditioned media from LP9 

mesothelial cells was used to stimulate ERK phosphorylation in an independent cell line 

(SKOV3ip1) in the presence or absence of VPC51299. Conditioned media from LP9 mesothelial 

cells stimulated an 18-fold increase in ERK phosphorylation within 5 minutes of plating, which 

was similar to the increase observed following LPA stimulation (Figure 3.6A and B).  VPC51299 

treatment reduced LPA-stimulated ERK phosphorylation by 85% as expected.  The effects of LP9 

mesothelial cell-conditioned media on ERK phosphorylation were mitigated by 50% with 

VCP51299 treatment (Figure 3.6A and B), indicating that LPA was present in the conditioned 

media and that its action through LPA1 was at least partially responsible for ERK phosphorylation 

in SKOV3ip1 cells.   

 

3.3.5 LPA Regulates VCAM-1 Expression in Mesothelial Cells 

To evaluate whether the autocrine LPA production contributes to VCAM-1 expression, 

LP9 mesothelial cells were cultured for increasing periods of time in the presence or absence of 

VPC51299. Western analysis showed a 20-fold increase in VCAM-1 protein expression 48 hours 

after plating LP9 cells, and VPC51299 inhibited the accumulation by 50% over 24 hours of 
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treatment (Figure 3.7A and B). Similar results were observed with a second antagonist targeting 

LPA1, AM2996 (Swaney et al., 2010) (Figure 3.8C). Loss of LPA1 in LP9 mesothelial cells 

following siRNA knockdown also reduced VCAM-1 protein accumulation by 50% (Figure 3.8A 

and B). Furthermore, in addition to reducing VCAM-1 protein expression, VCAM-1 transcript 

levels were reduced by approximately 50%, 36 and 48 hours following LPA1 knockdown (Figure 

3.8C). Additionally, exogenous LPA stimulation increases VCAM-1 protein expression by 58%, 

48 hours after plating LP9 cells (Figure 3.9A and B). Together, these observations are consistent 

with the notion that LPA promotes the accumulation of VCAM-1 expression by acting through 

LPA1.  

 

3.3.6 LPA Promotes VCAM-1 Protein Synthesis 

We next investigated whether LPA acting through LPA1 affected VCAM-1 accumulation 

on LP9 mesothelial cells by promoting protein synthesis or inhibiting degradation. Metabolic 

labeling with S35-Met/Cys revealed a linear increase in VCAM-1 protein synthesis that did not 

differ between control and LPA1 knockdown within the first 4 hours of labeling (Figure 3.10A); 

however, VCAM-1 synthesis continued to increase over the next 8 hours in the control, while 

expression plateaued following LPA1 knockdown (Figure 3.10 A). To determine whether LPA1 

contributes to VCAM-1 stability, cycloheximide, an inhibitor of protein synthesis was utilized.  In 

control cells, VCAM-1 expression remained constant with 8 hours of cycloheximide treatment; 

however, VCAM-1 expression decreased within the first 4 hour by 50% following cycloheximide 

treatment (Figure 3.10B). To confirm this observation, pulse-chase labeling of VCAM-1 was 

completed. LP9 mesothelial cells were pulsed for 4 hours with S35-Met/Cys and chased with cold  
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Figure 3.6. LPA receptor antagonist blocks ERK phosphorylation induced by LP9 conditioned 

media in ovarian cancer cells. A. SKOV3ip1 cells were serum starved, treated with 10 μM 

VPC51299 or vehicle control for 30 minutes, and then stimulated for the indicated periods of time 

with conditioned media obtained from LP9 cells cultured for 24 hr or 10 μM LPA.  Lysates were 

blotted for phosphorylated ERK (pERK) and total ERK. B. Signal intensities for pERK bands were 

normalized to total ERK and are expressed relative to time 0. Significance was determined by one-

way ANOVA followed by Newman-Keuls multiple comparison test. Data represent the mean ± 

SEM of two independent experiments; *, p < 0.05. 
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Figure 3.7. LPA1,3 receptor antagonist decreases VCAM-1 expression in mesothelial cells. A. 

LP9 mesothelial cells were treated with or without 10 μM VPC51299 24 hours after plating for 

the indicated times prior to lysis and immunoblotting for VCAM-1 or actin (loading control).  B. 

Quantification of signal intensities for VCAM-1 was normalized to actin and expressed relative to 

the untreated 24 hr control. Significance determined by one-way ANOVA followed by Newman-

Keuls multiple comparison test. The graph depicts the mean ± SEM of three independent 

experiments; *, p < 0.05. C. Western analysis of LP9 mesothelial cells treated with or without 10 

μM AM2996 24 hours after plating for the indicated times. 
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Figure 3.8. LPA1 Knockdown Decreases VCAM-1 Accumulation in Mesothelial Cells. A. 

Lysates from LP9 cells transfected with either control siRNA or LPA1 siRNA for indicated times 

were blotted for VCAM-1 or actin (loading control). B. Quantification of signal intensities for 

VCAM-1 was normalized to actin and expressed relative to 24hr siCtrl.  Significance was 

determined by one-way ANOVA followed by Newman-Keuls multiple comparison test. Data are 

representative of 6 independent experiments. C. VCAM-1 mRNA levels were measured by qRT-

PCR in LP9 mesothelial cells with or without LPA1 expression for the indicated times. Primer sets 

for VCAM-1-A and GUSB in Table 5.1. Significance determined by three-way ANOVA followed 

by F-tests based on contrasts to compare the effect of the knockdown at specific times.  The graph 

depicts the mean ± SEM of four independent experiments; *, p < 0.05.  
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Figure 3.9. Exogenous LPA stimulation increases VCAM-1 expression in mesothelial cells. A. 

LP9 mesothelial cells were treated with or without 10 μM LPA 24 hours after plating for the 

indicated times prior to lysis and immunoblotting for VCAM-1 or tubulin (loading control).  B. 

Quantification of signal intensities for VCAM-1 was normalized to tubulin and expressed relative 

to the untreated 24 hr control. Significance determined by one-way ANOVA followed by 

Newman-Keuls multiple comparison test. The graph depicts the mean ± SEM of two independent 

experiments; *, p < 0.05. 
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Figure 3.10. LPA1 promotes VCAM-1 protein synthesis and degradation. A. LP9 mesothelial 

cells (± LPA1 expression) were labeled with [35-S]-Methionine/Cysteine for the indicated times.  

VCAM-1 was immunoprecipitated from cell lysates and subjected to SDS-PAGE followed by 

autoradiography. Quantification of VCAM-1 autoradiograph signal (lower panel); signal 

intensities for VCAM-1 were subtracted from time zero.  Significance determined by one-way 

ANOVA followed by Newman-Keuls multiple comparison test. The graph depicts the mean ± 

SEM of three independent experiments. B.  LP9 mesothelial cells ± LPA1 expression were treated 

with cycloheximide (CHX) (50 uM) for indicated time points and blotted for VCAM-1 or actin 

(loading control). Quantification of signal intensities (lower panel) for VCAM-1 was normalized 

to actin and expressed relative to time zero for siCtrl or siLPA1.  Data represent the mean ± SEM 

of three independent experiments; *, p < 0.05. 

 

 

 

 

 

 

 

 



81 

 

 

 

media for the indicated time points.   Pulse-chase labeling revealed no change in VCAM-1 protein 

levels within 8 hours for either the control or with LPA1 siRNA (Figure 3.11A). Additionally, we 

also tested pulse-chase labeling with cycloheximide following LPA1 knockdown. While VCAM-

1 protein levels appear to be lower in the control compared to siLPA1 at 8 hours, the differences 

are not statistically significant (Figure 3.11B). These observations indicate that LPA promotes 

VCAM-1 synthesis in mesothelial cells and that VCAM-1 is remarkably stable.  

 

3.3.7 LPA Promotes Ovarian Cancer Trans-Mesothelial Invasion via VCAM-1  

Since LPA acting through LPA1 promotes mesothelial invasion and regulates VCAM-1 

expression, we investigated whether VCAM-1 was responsible for LPA1-dependent mesothelial 

invasion.  As previously shown (Figure 3.2B), LPA1 knockdown in LP9 mesothelial cells inhibited 

SKOV3ip1 cell invasion relative to control (Figures 3.12A a-c, g-i and 3.13B, solid gray bar vs. 

solid black bar).  The ability of VCAM-1 expression to rescue mesothelial invasion following 

LPA1 knockdown in LP9 mesothelial cells was determined by exogenously expressing GFP-

tagged VCAM-1 at a concentration that approached endogenous levels (Figure 3.12C, lanes 1 vs. 

11).  GFP-VCAM-1 expression in LP9 mesothelial cells transfected with scrambled siRNA 

(Figures 3.12A d-f and 4B, checkered black bar) did not alter SKOV3ip1 ovarian cancer cell 

invasion of mesothelial monolayers relative to control (Figures 3.12A a-c and 3.12B, solid black 

bar). However, expression of GFP-VCAM-1 in LP9 mesothelial cells lacking LPA1 expression 

restored SKOV3ip1 ovarian cancer cell invasion to control levels (Figures 3.12A j-l and 3.12B, 

checkered gray bar vs. solid black bar). Taken together, these observations indicate that LPA1  
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Figure 3.11. LPA1 knockdown did not affect VCAM-1 degradation up to 8 hours. A.  LP9 

mesothelial cells ± LPA1 expression were pulsed with [35-S]-Methionine/Cysteine for 4 hours and 

chased for 2, 4, 6, and 8 hours with complete medium prior to VCAM-1 immunoprecipitation. 

Quantification of VCAM-1 autoradiograph data (lower panel) expressed relative to time zero for 

siCtrl or siLPA1. Data represent the mean ± SEM of four independent experiments. B.  LP9 

mesothelial cells ± LPA1 expression were pulsed with [35-S]-Methionine/Cysteine for 4 hours and 

chased with CHX in complete medium (50 uM) for 2, 4, 6, and 8 hours prior to VCAM-1 

immunoprecipitation. Quantification of VCAM-1 autoradiograph data (lower panel) expressed 

relative to time zero for siCtrl or siLPA1. Data represent the mean ± SEM of two independent 

experiments.  
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Figure 3.12. Re-expression of VCAM-1 restores mesothelial invasion after LPA1 knockdown.  

A. LP9 mesothelial cells were transfected with GFP or GFP-VCAM-1 (1.0 µg) with control or 

siLPA1 siRNA oligos and used in the trans-mesothelial invasion assay as described in Figure 1D.  

Representative images of siCtrl + GFP (a.-c.), siCtrl + GFP-VCAM-1 (d.-f.), siLPA1 + GFP (g.-

i.), and siLPA1 + GFP-VCAM-1 (j.-l.) that were used to quantify trans-mesothelial invasion.  B. 

Percent trans-mesothelial invasion of SKOV3ip1 allowed to invade LP9 mesothelial monolayers 

expressing GFP or GFP-VCAM-1 with or without siCtrl or siLPA1 oligos. Significance 

determined by one-way ANOVA followed by Newman-Keuls multiple comparison test. Data 

represent the mean ± SEM of three independent experiments; *, p < 0.05 compared to all other 

samples.  C. LP9 mesothelial cells were transfected with the indicated concentrations of GFP-

VCAM-1 (pGFP-VC) prior to lysis and immunoblotting for VCAM-1 or actin (loading control).  
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promotes ovarian cancer invasion of the mesothelium through the regulation of mesothelial 

VCAM-1 protein expression. 

 

3.4 Discussion 

In summary, these studies provide further understanding into the role the ovarian cancer 

tumor microenvironment plays in regulating ovarian cancer mesothelial invasion.  LPA, an 

essential ovarian cancer microenvironment factor, was found to promote ovarian cancer 

mesothelial invasion.  Acting through its receptor, LPA1, LPA regulated VCAM-1 protein 

expression and accumulation on the mesothelium by increasing VCAM-1 protein synthesis. Most 

significantly, we showed that LPA1 regulates ovarian cancer mesothelial invasion by promoting 

mesothelial VCAM-1 expression. These in vitro trans-mesothelial invasion assays and 

experiments suggest that components within the ovarian cancer tumor microenvironment influence 

non-transformed cells to support ovarian cancer mesothelial invasion.  

In this study we demonstrate that LPA not only influences the ovarian cancer cell to 

promote migration and invasion (Bian et al., 2004; Said et al., 2007), but also LPA impacts 

mesothelial cells to allow ovarian cancer cell invasion.  Specifically, pharmacologic inhibition of 

LPA1/3 using VPC51299 decreased SKOV3ip1 ovarian cancer cells invasion of the mesothelium 

(Figure 3.2C). It is important to note that the parental SKOV3 cells express LPA1-3 receptors at 

varying levels (LPA2 ˃ LPA3 ˃ LPA1) (Yu et al., 2008). This indicates that VPC51299 targets both 

the cancer cell and the mesothelial cell; however, siRNA inhibition of LPA1 in mesothelial cells 
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alone significantly reduced mesothelial invasion by SKOV3ip1 ovarian cancer cells (Figure 3.2B). 

This observation parallels the impairment of hepatocarcinoma cells to invade mesothelial cells 

isolated from LPA1 KO mice (Lee et al., 2015).  We are unable to rule out the contribution of 

LPA2 to mesothelial invasion (Figure 3.2B) due to the inability to knock it down sufficiently 

(Figure 3.2A). However, hepatocarcinoma cells were able to invade mesothelial monolayers 

obtained from LPA2 KO mice (Lee et al., 2015).  Taken together, these observations demonstrate 

mesothelial LPA1 promotes ovarian cancer invasion of the mesothelium, and LPA2 may not 

contribute to this process, although further studies are necessary to confirm.  Furthermore, the 

trans-mesothelial invasion data are consistent with a role for LPA in inducing ovarian cancer 

metastasis in orthotopic and syngeneic ovarian cancer mouse models (Kim et al., 2006; Li et al., 

2009; Nakayama et al., 2015).  Specifically, our current experiments are consistent with the data 

presented in Chapter 2 where we demonstrated increased mesothelial invasion and tumor seeding 

in LPP1 KO mice (Nakayama et al., 2015).  

LPA is abundant in the ovarian cancer metastatic microenvironment where it has 

pleiotropic effects on both the cancer cells and non-transformed cells (Eder et al., 2000; Mills and 

Moolenaar, 2003; Ren et al., 2006). Within the peritoneal cavity, many cell types are capable of 

producing LPA including activated platelets, adipocytes, ovarian cancer cells, and mesothelial 

cells (Eder et al., 2000; Eichholtz et al., 1993; Mills and Moolenaar, 2003; Ren et al., 2006; Said 

et al., 2007; Valet et al., 1998).  Specifically, we confirmed mesothelial cells constitutively produce 

LPA (Figure 3.6) (Ren et al., 2006). Interestingly, paracrine communication via LPA between 

ovarian cancer cells and mesothelial cells has been reported (Eder et al., 2000; Ren et al., 2006); 
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however, autocrine stimulation of mesothelial cells by LPA has not been shown.   We demonstrate 

that autocrine production of LPA promotes mesothelial VCAM-1 expression and accumulation 

(Figure 3.7). These observations are consistent with autocrine pathways in mesothelial cell-

stimulated motility and proliferation (Warn et al., 2001). Moreover, the data also agree with the 

increased mesothelial VCAM-1 expression found in LPP1 KO mice (Chapter 2, Figure 2.3). 

Taken together, these observations suggest that autocrine production of LPA activates LPA1 to 

promote mesothelial VCAM-1 expression.  

VCAM-1 expression on the endothelium or mesothelium is induced transcriptionally by 

tumor necrosis factor α (TNF- α) or interleukin-1β through the activation of the nuclear factor-κB 

(NF-B) (Collins et al., 1995).  In contrast, our data show that VCAM-1 expression accumulated 

in mesothelial cells in an LPA-LPA1-dependent manner. VCAM-1 protein synthesis was inhibited 

after LPA1 knockdown (Figures 3.10A). LPA1 knockdown reduced VCAM-1 protein synthesis, 

and VCAM-1 protein expression in LPA mesothelial cells (+/- LPA1) seems to be relatively stable 

up to 8 hours as demonstrated by pulse-chase labeling. (Figure 3.11).  However, cycloheximide 

treatment following LPA1 knockdown displayed a decrease in VCAM-1 protein expression 

(Figure 3.10B). It is important to note that cycloheximide inhibits all protein synthesis, including 

additional proteins that may regulate LPA1-dependent VCAM-1 expression indirectly. These 

observations indicate that LPA-mediated VCAM-1 synthesis in conjunction with increased 

stability promotes VCAM-1 expression in mesothelial cells and could account for the chronic 

expression observed on the mesothelium of ovarian cancer patients where elevated levels of LPA 

have been reported (Slack-Davis et al., 2009; Xiao et al., 2001; Xu et al., 1995).   
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In conclusion, the data presented here show that LPA targets the mesothelium to promote 

ovarian cancer cell invasion by inducing VCAM-1 expression on mesothelial cells. Mesothelium 

VCAM-1 expression is associated with an unfavorable prognosis for ovarian cancer patients 

(Scalici et al., 2016), and blocking VCAM-1 function decreases tumor burden and increases 

survival in mouse models of peritoneal ovarian cancer metastasis (Slack-Davis et al., 2009). Thus, 

LPA and VCAM-1, key components within the ovarian cancer metastatic microenvironment, 

influence non-transformed cells to support ovarian cancer metastasis and progression. 

Additionally, this study offers insight into the chronic regulation of VCAM-1 expression by LPA, 

which could have implications for a variety of disease states in addition to ovarian cancer. 

Specifically, atherosclerosis and rheumatoid arthritis are associated with abundant LPA and 

chronic VCAM-1 expression (Bot et al., 2010; Davies et al., 1993; Li et al., 2000; Nikitopoulou et 

al., 2012).  In atherosclerosis, LPA has been shown to accumulate at high concentrations inside 

atherosclerotic lesions (Bot et al., 2010; Rother et al., 2003). VCAM-1 is also highly expressed in 

atherosclerotic plaques (Ley and Huo, 2001).  Additionally, this study offers insight into chronic 

regulation of VCAM-1 expression by LPA, which could have implications for a variety of disease 

states in addition to ovarian cancer. The mechanisms by which LPA promotes VCAM-1 

expression are unclear.  LPA stimulates VCAM-1 expression on vascular endothelial cells through 

the nuclear factor-B (NF-B) pathway (Collins et al., 1995; Palmetshofer, 1999; Rizza, 1999). 

However, this expression is transient unlike the chronic accumulation of VCAM-1 observed in 

mesothelial cells.  Interestingly, synovial fibroblasts from rheumatoid arthritis maintain an 

elevated level of VCAM-1 expression following the transient increase observed with tumor 
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necrosis factor  stimulation (Li et al., 2000).  Synovial fibroblasts also express autotaxin, an 

extracellular lysopholipase D that converts lysophosphatidylcholine to LPA (Nikitopoulou et al., 

2012), thus affording the possibility that autocrine production of LPA could maintain the 

chronically elevated level of VCAM-1 expression, which would facilitate the recruitment of 

leukocytes to the joint and permit the chronic pro-inflammatory state. Overall, this study provides 

a further understanding for a role of non-transformed cells within the metastatic microenvironment 

in the regulation of ovarian cancer mesothelial invasion, and it potentially provides a model for 

other conditions associated with abundant LPA and chronic VCAM-1 expression.   
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Chapter 4. Perspectives   

4.1 Summary of Thesis Background, Goals, and Findings  

Since the majority of ovarian cancer cases are diagnosed with advanced-stage disease, 

characterized by metastasis and the accumulation of malignant ascites, it is imperative to 

understand the mechanisms that govern ovarian cancer metastasis. Before the studies presented in 

this dissertation, LPA was known to promote ovarian cancer cell proliferation, survival, migration 

and invasion directly (Bian et al., 2006; Bian et al., 2004; Said et al., 2007).  Additionally, LPA 

stimulates ovarian cancer growth and metastasis indirectly by inducing the production of proteases 

such as matrix metalloproteinases (MMPs) and urokinase plasminogen activator (uPA) (Fishman 

et al., 2001; Li et al., 2005). Moreover, LPA also stimulates ovarian cancer metastasis in orthotopic 

and syngeneic ovarian cancer mouse models (Kim et al., 2006; Li et al., 2009). Despite the 

overwhelming evidence demonstrating the influence of LPA on regulating ovarian cancer cell 

biology, little was known about the effect of LPA on the tumor microenvironment, specifically on 

mesothelial cells, to promote ovarian cancer progression and metastasis.  

This dissertation reports the discovery of a role for LPA in the ovarian cancer metastatic 

microenvironment in promoting mesothelial invasion. Ovarian cancer cells attach to and invade 

through the mesothelium; mesothelial invasion is associated with an unfavorable prognosis in 

ovarian cancer (Bell et al., 2004). The data in Chapter 2 demonstrated that elevated levels of LPA 

in the microenvironment of a mouse model, LPP1 KO, correlated with increased tumor seeding 

and mesothelial invasion, which coincided with mesothelial VCAM-1 expression. VCAM-1 is 

elevated on the mesothelium of ovarian cancer patients where it functions to promote mesothelial 
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invasion and tumor progression (Slack-Davis et al., 2009). Mesothelium VCAM-1 expression is 

associated with an unfavorable prognosis for ovarian cancer patients (Scalici et al., 2016), and 

blocking VCAM-1 function decreases tumor burden and increases survival in mouse models of 

peritoneal ovarian cancer metastasis implicating VCAM-1 as an important target for the treatment 

of ovarian cancer (Slack-Davis et al., 2009). However, the mechanisms that regulate VCAM-1 

expression on the mesothelium of metastatic ovarian cancer patients were unknown at the time 

these studies were initiated. The findings in Chapter 2 developed the framework to evaluate 

whether LPA regulates mesothelial VCAM-1 expression (Chapter 3). 

The contribution of LPA to VCAM-1 expression was evaluated in human mesothelial cells 

(LP9), which previously had been demonstrated to constitutively produce LPA (Ren et al., 2006). 

The data in Chapter 3 demonstrated that LPA acting through LPA1 regulated mesothelial VCAM-

1 expression to promote trans-mesothelial invasion. While much work remains to identify the 

molecular mechanisms by which LPA mediates VCAM-1 expression, these findings provide a 

novel role for LPA in influencing the tumor microenvironment to promote mesothelial invasion 

through the regulation of VCAM-1 expression. 

  

4.2 Perspective on LPA Signaling Promoting VCAM-1 Expression  

LPA stimulation leads to the activation of multiple downstream signaling pathways such as 

the Rho/Rho-Kinase, MAPK, and PI3K pathways through G-proteins (Figure 1.5).  Many of these 

signaling cascades support ovarian cancer cell proliferation, migration, and invasion (Bian et al., 

2005; Bian et al., 2004; Yu et al., 2008). Data from Chapter 3 demonstrated that LPA stimulation 
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of the LPA1 receptor promotes VCAM-1 expression. Two potential pathways LPA-dependent 

pathways have been described to stimulate VCAM-1 expression, i.e., the Rho and PI3K pathways.  

 

4.2.1 LPA Induction of Rho Pathway Promotes VCAM-1 Expression  

LPA can induce VCAM-1 expression transcriptionally through the activation of the NF-

κB pathway in endothelial cells (Shimada and Rajagopalan, 2010). LPA rapidly activated Rho 

kinase in human umbilical vein endothelial cells (HUVECs) leading to LPA promoted 

phosphorylation of NF-κB p65, a subunit of NF-kappa-B transcription complex, and induced 

expression of VCAM-1 (Shimada and Rajagopalan, 2010). Furthermore, siRNA inhibition of the 

Rho kinase isoform, Rho-Associated Protein Kinase 2 (ROCK2), inhibited NF-κB p65 

phosphorylation and VCAM-1 mRNA and protein expression (Shimada and Rajagopalan, 2010). 

These data suggest that LPA activates ROCK2 followed by NF-κB p65 phosphorylation to induce 

VCAM-1 expression (Shimada and Rajagopalan, 2010).    LPA1 activates the Rho-Rho kinase 

pathway through Gα12/13 (Choi et al., 2010; Inoue et al., 2004; Maruta et al., 2008). Therefore, 

our data demonstrating LPA acting through LPA1 promotes VAM-1 expression and the literature 

supports a pathway in which LPA stimulation of LPA1 induces VCAM-1 possibly through a 

ROCK2-mediated activation of NF-κB (Figure 4.1). 

To determine whether the LPA-mediated LPA1-Rho-ROCK2-NF-κB pathway regulates 

VCAM-1 expression, we will analyze the pathway in a stepwise manner from the receptor to 
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Figure 4.1. Proposed pathway of LPA inducing chronic VCAM-1 expression through the Rho 

pathway.   
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identify components that diminish VCAM-1 protein expression.  LP9 mesothelial cells will be 

treated with an inhibitor of Rho (C3 toxin), and VCAM-1 protein and mRNA expression will be 

determined by western blot and qRT-PCR, respectively. To confirm the observations obtained 

from the inhibitor studies, siRNA directed against ROCK2 will be employed. To link the Rho 

pathway to the original observation that LPA1 influences VCAM-1 mRNA and protein levels, LP9 

cells will be transfected with plasmids expressing constitutively activated ROCK2 in the context 

of LPA1 knockdown.  We anticipate LPA1 signaling will lead to the activation the Rho pathway 

and VCAM-1 expression will be promoted.  From the inhibitor screen, we expect to observe a 

decrease in VCAM-1 mRNA and protein expression.  Knockdown of the ROCK2 will also show 

a similar trend as previously described.  We predict VCAM-1 protein expression will be restored 

when mesothelial cells express an activated mutant of ROCK2 from following LPA1 knockdown.   

 

4.2.2 LPA Activation of PI3K Potentially Leads to Chronic VCAM-1 Expression 

 

LPA binding to its cognate receptor, LPA1 results in robust signaling of the 

phosphatidylinositol 3-kinase (PI3K) pathway (Choi et al., 2010).  LPA1 couples with the G-

protein, Gαi/βγ, to activate PI3K catalytic isoform p110β (Guillermet-Guibert et al., 2008).  While 

most LPA-dependent signaling pathways progress through the Gα subunits, LPA-induced 

activation of PI3K/AKT pathway is mediated by the Gβγ complex (Kurosu et al., 1997; Maier et 

al., 1999; Murga et al., 2000).  In atherosclerosis, chronic VCAM-1 expression in endothelial cells 

can be induced by the PI3K/AKT pathway (Tsoyi et al., 2010; Tsoyi et al., 2009). Tsoyi and group 

showed that upregulating or overexpressing PTEN, a negative regulator of the PI3K/AKT 
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pathway, inhibited VCAM-1 expression by blocking the PI3K/AKT/GSK-3β/GATA-6 pathway 

independently of inflammatory stimuli in activated endothelial cells (Tsoyi et al., 2010; Tsoyi et 

al., 2009).  Specifically, overexpressing of PTEN blocked AKT phosphorylation, which promoted 

the binding of GSK to GATA-6 thus preventing GATA-6 from binding to the VCAM promoter. 

(Tsoyi et al., 2010; Umetani et al., 2001).  From these observations, it is plausible that LPA 

signaling through LPA1 could induce the PI3K/AKT pathway leading to the chronic expression 

of VCAM-1 observed on mesothelial cells (Cannistra et al., 1994; Slack-Davis et al., 2009), thus 

promoting increased ovarian cancer invasion of the mesothelium (Figure 4.2).   

To determine whether the P13K pathway links LPA to VCAM-1, we will knockdown LPA1 

in LP9 mesothelial cells and evaluate AKT and GSK-3β phosphorylation as well as GATA-6 and 

VCAM-1 expression by immunoblot. LP9 mesothelial cells will also be treated with an inhibitor 

of P13K (LY294002) or PI3K-specific siRNA, and GATA-6 and VCAM-1 expression will be 

determined. To link the P13K pathway to the original observation that LPA1 promotes VCAM-1 

mRNA and protein expression, LP9 cells will be transfected with plasmids expressing 

constitutively activated P13K in the context of LPA1 knockdown. For each experiment, VCAM-

1 mRNA and protein expression will also be measured by western blot and qRT-PCR, respectively.   

We anticipate LPA1 signaling will lead to the activation of the P13K pathway. LPA1 knockdown 

will demonstrate a decrease in AKT phosphorylation, GATA-6, and VCAM-1 expression with an 

increase in GSK-3β phosphorylation. From the inhibitor studies, we expect to observe a decrease 

in VCAM-1 mRNA and protein expression as well as a decrease in GATA-6 protein expression.  

Knockdown of the P13K will also show a similar trend as previously described.  We predict that 
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Figure 4.2. Proposed pathway of LPA activating PI3K leading to chronic VCAM-1 expression.  
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VCAM-1 protein expression will be restored when mesothelial cells express an activated P13K 

following LPA1 knockdown.  

 

 

4.3 Perspective on Constitutively Produced LPA Regulating Mesothelial VCAM-1 

Expression.  

In Chapter 3, we demonstrated that LPA acting through LPA1 promoted VCAM-1 

accumulation in LP9 mesothelial cells, which constitutively produce LPA (Ren et al., 2006).  

However, inhibiting autocrine stimulation of VCAM-1 accumulation only occurred at later time 

points. Additionally, exogenous LPA treatment increased VCAM-1 expression above autorcrine 

stimulation after 24 hours of treatment.  Furthermore, a delay in VCAM-1 synthesis was also 

observed.  These data could suggest that LPA may regulate VCAM-1 expression indirectly through 

the production of a factor at later time points.  In addition to LPA, mesothelial cells have been 

reported to secrete VEGF, which has been linked to LPA-induced VCAM-1 expression 

(Stadlmann et al., 2005). 

 

4.3.1 LPA-induced VEGF Production Promotes Mesothelial VCAM-1 Expression  

Vascular endothelial growth factor (VEGF) is a potent glycoprotein that stimulates 

angiogenesis and ascites accumulation in ovarian cancer (Ahmed and Stenvers, 2013; Byrne et al., 

2003; Sherer et al., 2000).   Mesothelial cells produce the VEGF family member VEGF-A (Gerber 

et al., 2006; Sako et al., 2006; Stadlmann et al., 2005).  VEGF-A exists in several different isoforms 

due to alternative splicing of the gene, and   VEGF121 and VEGF165 are the two predominant forms 
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found in mesothelial cells (Sako et al., 2003).  LPA increases VEGF-A mRNA levels, while 

treatment with an LPA1,3 receptor antagonist, Ki16425, or pertussis toxin, an inhibitor of Gi 

proteins, significantly decreased LPA-induced VEGF-A secretion (Sako et al., 2006).  Sako et. al 

showed LPA1 was the primary LPA receptor expressed in mesothelial cells (Sako et al., 2006). 

These findings suggest LPA stimulation of LPA1 leads to VEGF production in mesothelial cells 

and may contribute to increased VEGF levels found in the malignant ascites (Sherer et al., 2000). 

In addition to promoting angiogenesis and vascular permeability, VEGF-A signaling 

through one of two receptor tyrosine kinases, vascular endothelial growth factor receptor (VEGFR) 

1 and 2 to increase VCAM-1 gene expression (Ferrara and Davis-Smyth, 1997; Ferrara et al., 

2003).  Ferrara et al. showed that VEGF165 regulated VCAM-1 gene expression through VEGFR2 

(Fearnley et al., 2014). Additionally, Gerber and colleagues showed that VCAM-1 positive 

mesothelial cells produced 100-fold more VEGF-A as compared to other populations of cells in 

omentum samples, and that 85% of the VEGF found in the omentum samples comes from those 

mesothelial cells (Gerber et al., 2006). From these observations, it is plausible that LPA acting 

through LPA1 promotes VEGF expression leading to increased VCAM-1 accumulation in LP9 

mesothelial cells (Figure 4.3). 

To test this hypothesis, conditioned media from LP9 mesothelial cells should be analyzed 

for VEGF expression using a human VEGF-specific ELISA kit. This observation will confirm 

previous observations demonstrating that LP9/TERT-1, an immortalized LP9 mesothelial cell line, 

produced VEGF (Hillegass et al., 2010).  Additionally, blocking or inhibiting LPA in LP9 

mesothelial cells should reduce VEGF expression.  Moreover, LP9 mesothelial cells could also be 
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Figure 4.3. Model of LPA inducing VEGF production and secretion in mesothelial cells to 

promote mesothelial VCAM-1 expression. This model shows paracrine signaling between two 

mesothelial cells to promote VCAM-1 expression; however, autocrine production of VEGF could 

also lead to mesothelial VCAM-1 expression. 
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treated with VEGF to determine VCAM-1 mRNA and protein expression by qRT-PCR and 

immunoblot, respectively.  We would expect an earlier increase in VCAM-1 expression than 

observed with LP9 cell autocrine production of LPA.  With VEGF-A stimulating VEGFR2 

signaling, the contribution of VEGFR to VCAM-1 expression should be examined in mesothelial 

cell knockdown studies. We expect to observe a decrease in VCAM-1 expression when VEGFR2 

is knocked down. Moreover, in the context of LPA1 knockdown, LP9 cells should be treated with 

VEGF to observe a rescue in VCAM-1 expression.  Additionally, conditioned media from 

mesothelial cells after LPA1 knockdown can be assessed using a multiplex cytokine array to 

determine other potential factors that may influence VCAM-1 expression.  Upon determining the 

factor/s that are decreased after siRNA inhibition of LPA1, similar studies as above can be utilized 

to explore the role that factor plays in promoting VCAM-1 expression.  

 

4.4 Perspective on VCAM-1 Degradation 

In Chapter 3, data from pulse-chase experiments (± cycloheximide) with S35-labeled amino 

acids after control or LPA1 knockdown showed no difference in degradation of VCAM-1 (Figures 

3.11); however, LP9 mesothelial cells displayed a decrease in VCAM-1 protein half-life after 

treatment with cycloheximide and LPA1 knockdown (Figure 3.10C). We propose the cells surface 

expression is being measured by cycloheximide treatment alone and S35-labeling of VCAM-1 (± 

cycloheximide). This hypothesis is based on the flow cytometry data where we observe a 50% 

decrease in cell surface expression of VCAM-1 after LPA1 knockdown (Figure 3.3B).  The 

cycloheximide treatment alone with LPA1 knockdown (Figure 3.10 B) also showed that 50% of 
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VCAM-1 remained after 4 hours of treatment.  From these observations, I further hypothesize that 

once VCAM-1 reaches the cell surface, it is stabilized independently of LPA. In figure 3.12C, 

exogenous expression of GFP-VCAM-1 in LP9 cells rescued trans-mesothelial invasion after 

LPA1 knockdown suggesting that in the absence of LPA1 and utilizing a different promoter to 

expression GFP-VCAM-1, exogenous VCAM-1 was stabilized at the cell surface to interact with 

α4β1 integrin on the ovarian cancer cell to promote ovarian cancer cell invasion of the 

mesothelium.   

To test this hypothesis, VCAM-1 localization would be observed after LPA1 knockdown 

with immunofluorescence (IF).  LP9 cells should be treated with cycloheximide, collected as 

before, and examined by IF to observe the localization of VCAM-1. We would expect to observe 

VCAM-1 expression at the cell surface (± LPA1) and cycloheximide treatment. Additionally, 

permeabilizing the cells should also show cell surface expression  after LPA1 knockdown and/or 

cycloheximide treatment. Moreover, flow cytometry should be repeated with permeabilized cells, 

and the expectation would be that siRNA inhibition of LPA1 would result in a 50% reduction of 

VCAM-1 expression, similarly to the previous flow data (Figure 3.3B).   To further test this 

hypothesis, VCAM-1 will be labeled with a non-radioactive alternative using the Click-iT HPG 

Alexa Fluor 488 protein synthesis assay kit.  LP9 cells will be transfected with either control or 

LPA1 siRNA for 20 hours and cultured in methionine-free media for 16 hours.  Next, LP9 cells 

will be incubated for 4 hours in methionine-free media containing L-homopropargylglycine 

(HPG), an amino acid analog of methionine containing an Alexa Fluor 488 azide, and then chased 

with complete media.  The fluorescently-tagged localization of newly synthesized VCAM-1 can 
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be detected by IF and confirmed by flow cytometry.  We would expect to observe VCAM-1 

expression only at the cell surface after LPA1 knockdown (± cycloheximide). 

 

4.5 Perspective on Primary Human Mesothelial Cell Lines   

In Chapter 3, we worked with mesothelial cells isolated from the ascites of ovarian cancer 

patients, LP9 and LP3 mesothelial cells (Connell and Rheinwald, 1983).  Exposing human 

peritoneal mesothelial cells to factors in the malignant ascites differentially regulated genes related 

to cell cycle, cell signaling, cell movement, and protein synthesis (Matte et al., 2014a). One such 

factor explored was hepatocyte growth factor (HGF) (Matte et al., 2014b).  In this study, HGF was 

found to be present in the malignant ascites at elevated concentrations as compared to benign 

fluids, and it promoted human peritoneal mesothelial cell migration (Matte et al., 2014b).  

Moreover, ascitic fluid from ovarian cancer patients was found to be hypoxic (Kim et al., 2006), 

and culturing mesothelial cells in hypoxic conditions altered the morphology of the cells from a 

cobblestone-like monolayer to a spindle-shaped fibroblast-like shape (Morishita et al., 2016).  

Additionally, hypoxia also induced the expression of hypoxia-inducible factor (HIF)-1α in 

mesothelial cells (Morishita et al., 2016). LP9 and LP3 mesothelial cells were isolated from the 

ascitic fluid of ovarian cancer patients (Wu et al., 1982), a hypoxic environment.  From these 

observations, it is possible that LP9 and LP3 mesothelial cells have been  “conditioned” by factors 

in the ascitic fluid to constitutively produce LPA (Ren et al., 2006) to promote the observed chronic 

expression of VCAM-1 (Slack-Davis et al., 2009).  
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LP9 and LP3 mesothelial cells were relevant to our studies because we were able to access 

the contributions of constitutively produce LPA to chronic VCAM-1 expression (Cannistra et al., 

1994; Ren et al., 2006; Slack-Davis et al., 2009).  Additionally, by utilizing two different 

mesothelial cells, it is possible that they represent different genetic backgrounds and give validity 

to our study.  However, with these commercially available mesothelial cells that have been 

cultured and frozen since 1983 (Connell and Rheinwald, 1983), which may have resulted in 

modifications from their original phenotype (Kenny et al., 2007; Rampino et al., 2001).  From this, 

isolated primary mesothelial cells from patients with ovarian cancer should be used at an early 

passage to minimize the concerns with the commercially available mesothelial cells to add further 

validity to our findings.  Additionally, mesothelial cells that have not exposed to factors in the 

ascitic fluid would be ideal to test whether LPA can initiate and sustain the chronic VCAM-1 

expression observed (Slack-Davis et al., 2009). 

 

4.6 Perspective on the Tumor Influencing the Microenvironment to Initiate VCAM-1 

Expression  

Our lab demonstrated that both the tumor and factors in the microenvironment are important 

for initiating mesothelial VCAM-1 expression (Slack-Davis et al., 2009).  Previously, it was 

demonstrated that a majority of peritoneal biopsies from ovarian cancer patients stained positive 

for VCAM-1 expression (13 of 14 ovarian cancer patients), whereas significantly fewer peritoneal 

biopsies from women with benign conditions stained positive for VCAM-1 (6 of 15) (Slack-Davis 

et al., 2009) (Figure 1.9).  This observation suggests the presence of the tumor may be necessary 
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for chronic VCAM-1 expression. Moreover, in mice, VCAM-1 staining was observed on the 

mesothelium following 2 weeks of tumor growth as compared to non-tumor bearing mice (Slack-

Davis et al., 2009).  Furthermore, in Chapter 2, we reported significantly fewer wild type control 

mice staining positively for VCAM-1 expression two weeks after tumor initiation (2 of 7) as 

compared to LPP1 KO mice (5 of 8) (Nakayama et al., 2015) (Figure 2.3B). These observations 

suggest interactions with the tumor cells and the microenvironment are necessary to promote 

VCAM-1 expression.  

A recent study also demonstrated that the presence of tumor cells was important to influence 

mesothelial cell gene expression (Kenny et al., 2014).  The Kenny et al. study demonstrated that 

ovarian cancer cells co-cultured with mesothelial cells “conditioned” the mesothelial cells to 

induce fibronectin expression (Kenny et al., 2014).  Additionally, conditioned media from ovarian 

cancer cells also stimulated fibronectin expression in mesothelial cells demonstrating that 

mesothelial cell “conditioning” is not limited to direct contact with the ovarian cancer cells but 

also factors secreted by the cancer cells will “condition” mesothelial cells (Kenny et al., 2014).  

This group further suggests that mesothelial cells become associated with cancer cells as “cancer-

associated mesothelial cells” similarly to cancer-associated fibroblasts (Olumi et al., 1999) and 

cancer-associated adipocytes (Dirat et al., 2011; Nieman et al., 2013), and possibly this creates a 

tumor microenvironment that supports ovarian cancer growth and metastasis (Kenny et al., 2014).   

These data support the notion that paracrine communication between tumor cells and 

mesothelial cells, as well as tumor secretion of factors into the tumor microenvironment 

“condition” mesothelial cells to upregulate VCAM-1. We have demonstrated that LPA can 
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promote VCAM-1 expression in “conditioned” mesothelial cells; however, we have not 

demonstrated whether LPA could initiate VCAM-1 expression in naïve cells.  Furthermore, LPA 

may not be the only factor that contributes to VCAM-1 induction.  Previous studies have shown 

that TNF-α (Wang et al., 2005), IL-1β (Watanabe et al., 2012)., and VEGF (Ahmed and Stenvers, 

2013; Stadlmann et al., 2005)  are secreted by the tumor cells and influence mesothelial cells, and 

this could influence VCAM-1 expression (Figure 4.4). 

 

4.6.1 Ovarian Cancer Production of Factors to Induce Mesothelial VCAM-1 Expression  

TNF-α , a well-known inducer of VCAM-1 expression, is elevated in malignant ascites 

(Moradi et al., 1993) and expressed by malignant ovarian cancer cells (Szlosarek et al., 2006).  

TNF-α is a positive regulator of ovarian cancer progression and associated with an unfavorable 

prognosis (Balkwill, 2009).  TNF-α expression is elevated in women with ovarian cancer, and its 

expression correlates with increasing disease stage (Naylor et al., 1993).  The ability of ovarian 

cancer cells to constitutively produce TNF-α was associated with increased tumor burden in a 

mouse model of peritoneal ovarian cancer metastasis, while inhibition of TNF-α expression 

resulted in decreased peritoneal dissemination and mesothelial invasion (Kulbe et al., 2007). 

Moreover, tumor-associated macrophages also contributed TNF-α to the malignant ascites and 

promoted ovarian cancer metastatic progression (Robinson-Smith et al., 2007).  Stadlmann et. al 

demonstrated that treatment of TNF-α disrupted the integrity of human peritoneal mesothelial cell 

monolayer resulting in exposure of the mesothelial basement membrane (Stadlmann et al., 2003). 

Furthermore, TNF-α activates NF-κB through the canonical pathway leading to transcriptional 
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Figure 4.4. Paracrine production of factors by ovarian cancers in the ascites could “condition” 

mesothelial cells to initiate mesothelial VCAM-1 expression. 
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upregulation of VCAM-1 (Collins et al., 1995).  From these observations, TNF-α in the tumor 

microenvironment could induce chronic mesothelial VCAM-1 expression.  

VCAM-1 expression is also induced by IL-1β (Collins et al., 1995).  IL-1β was 

demonstrated to be elevated in the ascites of ovarian cancer patients as compared to benign fluid 

(Moradi et al., 1993).  Additionally, upregulation of IL-1β in the ovarian cancer epithelium was 

observed (Schauer et al., 2013). Furthermore, elevated IL-1β expression correlated with reduced 

overall patient survival (Schauer et al., 2013).  Additionally, ovarian cancer cells secrete IL-1β 

(Watanabe et al., 2012). Moreover, ovarian cancer cell secreted IL-1β influenced stromal cells and 

their gene expression (Schauer et al., 2013).  Watanabe and group showed that ovarian cancer cell 

production of IL-1β induced the adhesion molecule β1 integrin on mesothelial cells and promoted 

peritoneal metastasis (Watanabe et al., 2012).  From these observations, it is reasonable to 

speculate that ovarian cancer cell secreted IL-1β could influence mesothelial VCAM-1 expression.  

 In addition to mesothelial cells (previously described), ovarian cancer cells contribute 

VEGF to the tumor microenvironment to promote VCAM-1 expression  (Lee et al., 2006; Park et 

al., 2007b).  Established and primary ovarian cancer cell lines produced VEGF-A, and the primary 

cancer cells secreted higher levels of VEGF (mean = 5,046pg/ml) as compared to established cell 

lines (mean = 493 pg/ml) (Santin et al., 1999). Moreover, primary tumors from advanced stage 

ovarian cancer patients secreted more VEGF as compared to lower staged primary tumors from 

ovarian cancer patients (Santin et al., 1999).  Additionally, LPA, at concentrations found in 

malignant ascites, induced VEGF production in ovarian cancer cells (Hu et al., 2001; Lee et al., 

2006; Park et al., 2007b). Stadlmann and colleagues also demonstrated that IL-1β and TNF-α 
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significantly induced VEGF production (Stadlmann et al., 2005). These observations in 

conjunction with elevated  VEGF concentrations in ascites (Ahmed and Stenvers, 2013) and its 

participation in the genesis of ascites accumulation (Byrne et al., 2003; Sherer et al., 2000), it is 

plausible that VEGF production by the tumor cells could initiate mesothelium VCAM-1 

expression.  

To explore the hypothesis that ovarian cancer cells are necessary to initiate mesothelial 

VCAM-1 expression, “non-conditioned,” naïve primary mesothelial cells from patients with 

benign disease should be utilized.  A co-culture of the naïve primary mesothelial cells and tumor 

cells labeled with GFP, as described by Kenny et. al, can be sorted by flow cytometry to assess 

VCAM-1 expression on the mesothelial cells (Kenny et al., 2014). We would expect to observe an 

increase in VCAM-1 expression after co-culturing “non-conditioned” mesothelial cells with 

labeled ovarian cancer cells.  Moreover, conditioned media from the ovarian cancer cells or ascitic 

fluid from patients could be to treat the naïve primary mesothelial cells, which would be evaluated 

for VCAM-1 expression measured by western blot analysis.  VCAM-1 expression is expected to 

increase with the conditioned media treatment.  Furthermore, the expression of LPA, TNF-α, IL-

1β, and VEGF should be assessed in the conditioned media, and expression of their receptors 

should be assessed in the naïve mesothelial cells. Knockdown of each receptor should be utilized 

in the naïve primary mesothelial cells. The expected outcome would be no change or a decrease in 

VCAM-1 expression with knockdown of each receptor and treatment with conditioned media from 

the ovarian cancer cells.  From these studies, we will be able to demonstrate that both the cancer 
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cell and factors secreted in the tumor microenvironment by the cancer cell promote VCAM-1 

expression.   

 

4.7 Perspective on the Trans-Mesothelial Invasion Assay  

Ovarian cancer cells metastasize by attaching to and invading through the mesothelium to 

access the underlying stroma and ECM (Iwanicki et al., 2011; Slack-Davis et al., 2009; Strobel 

and Cannistra, 1999). The trans-mesothelial invasion assay system used in Chapter 3 aims to 

model aspects of peritoneal metastasis; however, this assay is also incomplete in truly replicating 

the human in vivo mesothelial invasion. The assay uses only two components, ovarian cancer cells 

and mesothelial cells, to model the interaction between the ovarian cancer cells and mesothelium; 

however, as described in Chapter 1, there are other components below the mesothelium that may 

participate in promoting mesothelial invasion. The mesothelial cell layer is attached to a basement 

membrane composed of ECM molecules including collagen types I and IV, laminin, vitronectin, 

and fibronectin, as well as stromal cells such as fibroblasts (Heyman et al., 2008; Lessan et al., 

1999; Mueller and Fusenig, 2004; Strobel and Cannistra, 1999; Witz et al., 2001). The trans-

mesothelial assay works by ovarian cancer cells attaching and invading a monolayer of mesothelial 

cells plated on a glass coverslip. The glass coverslip is not a physiologically relevant substrate 

because it lacks many of the components of the mesothelium such as other stromal cells.  

Therefore, it is conceivable that the ovarian cancer cells would respond differently on a more 

physiologically relevant substrate. To address this issue, we could utilize a three-dimensional in 

vitro model system to better assess the mechanism that governs mesothelial invasion.  Kenny et 
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al. established a three-dimensional in vitro model system that included mesothelial cells, 

fibroblasts, and a defined ECM (Kenny et al., 2007). In this model, primary mesothelial cells and 

fibroblasts were isolated from patients who underwent surgery for benign conditions and human 

ascites from ovarian cancer patients (Kenny et al., 2007).  In this model, early passaged fibroblasts 

were embedded in ECM, primarily collagen type I, and early passage mesothelial cells were added 

on top and cultured until a monolayer formed (Kenny et al., 2009; Kenny et al., 2007). Lastly, 

ovarian cancer cells were added on top of the monolayers and invasion was assessed (Kenny et al., 

2007).  From this model, it would be interesting to measure ovarian cancer cell invasion in the 

presence or absence of mesothelial VCAM-1.  

   

4.8 Summary and Final Perspectives 

The work in this thesis provides a further understanding of a role for LPA in regulating 

mesothelial VCAM-1 expression in the tumor microenvironment to promote ovarian cancer 

progression and peritoneal metastasis. Separately, LPA and VCAM-1 have already been associated 

with ovarian cancer progression and metastasis (Kim et al., 2006; Li et al., 2009; Sengupta et al., 

2006; Slack-Davis et al., 2009), and cell adhesion is known to be regulated by LPA (Lee et al., 

2004; Palmetshofer, 1999; Rizza, 1999). However, in ovarian cancer there have been no known 

studies linking these two molecules together to promote mesothelial invasion. Thus, the innovation 

of this thesis is in identifying a unique role for LPA in promoting chronic VCAM-1 expression on 

the mesothelium. In Chapter 2, we demonstrate that LPA metabolism in the microenvironment 

influences mesothelial invasion and VCAM-1 expression. These data are similar to findings 
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showing that both the tumor and stromal cell expression of PLA2β, a phospholipase that generates 

LPA, are important to promote tumorigenesis and metastasis in a syngeneic mouse model of 

ovarian cancer, similar to the in vivo model system we utilized (Li et al., 2010).   

The studies in Chapter 3 uncovered a novel role for LPA in the regulation of mesothelial 

VCAM-1 expression to promote ovarian cancer cell invasion of the mesothelium (Figure 4.5). The 

data from this thesis support in vivo findings demonstrating the role LPA plays in promoting 

ovarian cancer metastasis (Li et al., 2009; Li et al., 2010; Nakayama et al., 2015; Sengupta et al., 

2006). Additionally, these data correspond to ovarian cancer patient data, which show elevated 

levels of LPA in malignant ascites and chronic VCAM-1 expression within the peritoneal lining 

of women with ovarian cancer (Slack-Davis et al., 2009; Xiao et al., 2001; Xu et al., 1995).    We 

anticipate that these results will facilitate the development of more effective therapeutic regimens 

potentially through targeting the interplay between the tumor cells and non-transformed cells.  

Furthermore, this work has the potential to provide a model for other conditions associated with 

abundant LPA and chronic VCAM-1 expression, such as autoimmune diseases including multiple 

sclerosis and rheumatoid arthritis.
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Figure 4.5. Summary model of overall findings. LPA influences the tumor microenvironment in 

part by regulating VCAM-1 protein expression on the mesothelium to promote mesothelial 

invasion. 
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Chapter 5. Materials and Methods  

5.1 Cell Culture  

Primary human mesothelial cell lines, LP9 and LP3 (Coriell Repository), were grown in 

1:1 Medium 199:MCDB131 with 15% FBS, 10 ng/ml epidermal growth factor, and 0.4 ug/ml 

hydrocortisone. The mesothelial cell lines were passaged four times before new cells were thawed 

from frozen stocks. Experiments were done within those passages. SKOV3ip1 cells were grown 

in RPMI-1640 supplemented with 10% FBS (Slack-Davis et al., 2009). ID8 cells were generously 

provided by Dr. K. Roby (University of Kansas) (Roby et al., 2000) and cultured in DMEM 

supplemented with 4% fetal bovine serum, 100 units/mL penicillin, 100 μg/mL streptomycin, 5 

μg/mL insulin, 5 μg/mL transferrin, and 5 ng/mL sodium selenite.  They were passaged twice 

through C57Bl/6 mice to increase tumor take and decrease growth kinetics.  The resultant cell line, 

ID8ip2, was transduced with lentivirus expressing luciferase (GeneCopoeia, Rockville, MD), and 

stably expressing populations (ID8ip2Luc) were obtained following puromycin (2 μg/mL) 

selection for 2 weeks. 

  

5.2 Reagents  

  VPC51299 (kindly provided by Dr. Kevin Lynch, University of Virginia) were suspended 

in 0.5% fatty acid-free bovine serum albumin in phosphate-buffered saline and used at 10 µM 

concentration. (Figure 3. (East et al., 2011; Swaney et al., 2010).  LPA (18:1, Sigma-Aldrich) was 

suspended in 0.5% fatty acid-free bovine serum albumin in phosphate-buffered saline and used 10 

µM concentration. 0.5% fatty acid-free bovine serum albumin was used as a control.   
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5.3 Cell Transfections 

SiRNA oligonucleotides were obtained from Dharmacon for human LPA1 (SMARTpool 

and individual oligos) and siGLO RISC-Free Control. GFP-tagged VCAM-1 plasmid was 

generously provided by Dr. Francisco Sánchez-Madrid (Universidad Autónoma de Madrid).  LP9 

or LP3 cells were plated for 24 hours prior to transfection protocol.  The cells were harvested by 

trypsinization and counted at a concentration of 106 cells per sample.  The trypsinized cels were 

pelleted by centrifugation, and supernatant removed.  The cells were resuspended at a 

concentration of in 100µL of room temperature supplemented basic endothelial nucleofector 

solution (Lonza) per sample.  30 nM of siRNA or siCtrl was added to cell suspension and gently 

mixed.  For experimentations with the GFP-tagged VCAM-1 plasmids, the plasmid was also added 

to either the siRNA or control cell suspension at the indicated concentration.   The solution was 

transferred to the nuclofection kit cuvette making sure not to introduce bubbles and the cuvette 

was capped.  Program T-23 was selected on the nucleofector and the cuvette was inserted.  The 

selected program was applied to sample.  After nucleofection of the sample, 500 uL of 37˚C 

warmed culture media was added to the cuvette and the sample was gently transferred to the 

appropriate culture dish with correct volume of culture media for that dish.  The nucleofected cells 

were incubated for 24 to 48 hours before experimentation took place. 

 

5.4 RIPA Cell Lysis 

Following treatment, the media from the cells were aspirated; the cells were washed twice 

with ice cold PBS; and placed on ice. 100 µL of cold supplemented RIPA buffer (50 mM Hepes, 

0.15 M NaCl, 2 mM EDTA, 0.1% Nonidet P40, and 0.05% sodium deoxycholate, pH 7.2 
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supplemented with protease inhibitors [Roche protease cocktail], 1 mM Na3VO4, 40 mM NaF, and 

10 mM Na4P2O7) was added to the cells.  The cells were scraped into the RIPA buffer and 

transferred to 1.5 ml Eppendorf tube.  The cell lysates were incubated on ice for 15 minutes before 

centrifuging at 13,000 RPM for 10 minutes at 4˚C.  A BCA assay was complete for protein 

concentration prior to SDS-PAGE/Western blot analysis.   

 

5.5 Western Blot Analysis 

Cell lysates prepared in supplemented RIPA buffer were resolved on 8% SDS-PAGE gels, 

transferred to nitrocellulose, blocked in 5% nonfat milk/TBST, and blotted with the indicated 

antibodies overnight a 4ºC in 5% BSA/TBST.  Antibodies included human-specific anti-VCAM-

1 (H-276; Santa Cruz Biotechnology) (1:2000), anti-phospho-ERK (E7028; Sigma) (1:1000), anti-

ERK (B3B9; gift from Dr. Michael Weber, University of Virginia) (1:10,000), and anti-actin 

(A1978; Sigma) (1:5000). Following the primary antibody incubation, three 10-minute washes in 

PBS/0.05% Tween 20 was completed.  The membrane was then incubated with HRP-conjugated 

secondary antibodies, goat anti-mouse IgG or goat anti-rabbit IgG, at a dilution between 1:1,000 

to 1:5,000 in PBS/0.05% Tween 20 for 1 hour.  The membrane was washed three times for 10 

minutes each in PBS containing 0.05% Tween 20 and protein bands visualization by ECL 

(Amersham Biosciences). Films were scanned and signal intensity determined using ImageJ. 

 

5.6 Quantitative RT-PCR 

After treatment, cells were washed with PBS and aspirated.  RNA was extracted from LP9 

or LP3 cells using Aurum total RNA mini kit (Bio-Rad).  RNA concentrations were measured in 
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µg/mL using a NanoDrop (Thermo Scientific). iScript cDNA synthesis kit (Bio-Rad) was used to 

produce cDNA.  Based on concentrations, 1 µg of RNA was calculated and RNase free H20 was 

added to obtain a total volume of 15µL. A 20 µL reaction containing 4 µL of 5X iScript reaction 

mix, 1 µL of iScript reverse transcriptase, and the 15 µL of RNA template was added to iCycler.  

The reaction protocol is as follows:  5 minutes at 25˚C, 30 minutes at 42˚C, 5 minutes at 85˚C, and 

hold at 4˚C. After cDNA production, qRT-PCR master mix was made.  The master mix contained 

Absolute Blue Syber Green ROX mix (Thermo Scientific) (10 µL), forward primer (0.4 µL), 

reverse primer (0.4 µL), and RNase free H2O (7.2 µL).  2 µL of template cDNA was added to the 

master mix to have a total volume of 20 µL.  The 20 µL reaction was added to a microplate and 

tightly sealed.  The microplate was briefly centrifuged and Real-Time PCR was performed using 

the Step One Plus Real-Time PCR system (Applied Biosystems). The primers sequences can be 

found in Table 5.1. Data were analyzed using the delta-delta CT method.  The relative change in 

gene expression was normalized to GUSB and expressed relative to scrambled control.  

 

5.7 Trans-mesothelial Invasion Assay  

The trans-mesothelial migration assay was performed as described previously (Slack-

Davis et al., 2009).   

 

5.7.1 LPA Receptor Antagonist Treatment  

LP9 cells were plated on glass coverslips to form monolayers.  The monolayers were labeled with 

CellTracker Orange (Invitrogen) and SKOV3ip1 cells labeled with CellTracker Green (Invitrogen) 

24 hours before treatment.  The 105 labeled SKOV3ip1 cells were seeded on the labeled 
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Table 5.1 Primers used for qRT-PCR.  

 

Gene Primer Set Sequence 

LPA-1 A Forward: GCTGCCATCTCTACTTCCATC 

Reverse: AAGCGGCGGTTGACATAGATT 

LPA-1 B Forward: CTTTGCTGGGTTGGCCTACTT 

Reverse: GAGTATTGGGTCCTGTGTTGAAC 

LPA-1 C Forward: CAACACAGGACCCAATACTCG 

Reverse: GAGCCATGTGCTAACAGTCAG 

LPA-2 A Forward: ACAGCCCGACTTTCACTTGAG 

Reverse: GCCCACAATGAGCATGACCA 

LPA-2 B Forward: TGTCGAGCCTGCTTGTCTTC 

Reverse: TGAGCGTGGTCTCTCGGTAG 

LPA-2 C Forward: CCTGGTCAAGACTGTTGTCATC 

Reverse: GACTCACAGCCTAAACCATCC 

LPA-3 A Forward: ACACTGATACTGTCGATGACTGG 

Reverse: GCAGAAAAACGTCCCAACACAC 

LPA-3 B Forward: TTAGCTGCTGCCGATTTCTTC 

Reverse: CTGGGCCTGTGTTAAACATCA 

LPA-3 C Forward: AACCGCTGGTTTCTCCGTC 

Reverse: AAGCAGTCAAGCTACTGTCCA 

VCAM-1 A Forward: CTTAAAATGCCTGGGAAGATGGT 

Reverse: GTCAATGAGACGGAGTCACCAAT 

VCAM-1 B Forward: CGAATGAGGGGACCACATCTA 

Reverse: TGTTCGTTCCCAAAACTAACAGG 

VCAM-1 C Forward: GGGAAGCCGATCACAGTCAAG 

Reverse: CTCCAGCCTGTCAAATGGGTA 

VCAM-1 D Forward: ATACCATCCGAAAGGCCCAGTTGA 

Reverse: AGAGCACGAGAAGCTCAGGAGAAA 

VCAM-1 E Forward: AAGGGAGCACTGGGTTGACTTTCA 

Reverse: TGGGAAAGTTGCACAGGAGTCTGA 

Glucuronidase, beta GUSB Forward: CCGACTTCTCTGACAACCGAC  

Reverse: AGCCGACAAAATGCCGCAGACG 
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mesothelial monolayers and incubated for six hours in RPMI-1640 supplemented with 10% FBS 

(±) VPC51299 at indicated concentration.  The coverslips were fixed and mounted. Confocal 

microscopy was used to obtain 1-μm Z-stacks on a LSM-700 confocal located in the microscope 

core.  Image analysis was performed using Photoshop. SKOV3ip1 cells in an image from the top 

third of the Z-stack were pseudo-colored blue and merged with an image from the bottom third of 

the Z-stack. Percent trans-mesothelial invasion of SKOV3ip1 reflects the ratio of green to total 

cells in the merged image (Figure 5.1). 

 

5.7.2 siRNA Inhibition  

Following the cell transfection protocol, the 2 x 105nucleofected LP9 cells were plated on 

glass coverslips for 48 hours and monolayers were formed at that cell number.  The monolayers 

were labeled with CellTracker Orange (Invitrogen) and SKOV3ip1 cells labeled with CellTracker 

Green (Invitrogen) 24 hours before treatment.  The 105 labeled SKOV3ip1 cells were seeded on 

the labeled mesothelial monolayers and incubated for six hours in RPMI-1640 supplemented with 

10% FBS.  The coverslips were fixed and mounted. Confocal microscopy was used to obtain 1-

μm Z-stacks on a LSM-700 confocal located in the microscope core.  Image analysis was 

performed as previously described.  

 

5.8 Metabolic Labeling 

All experiments were performed following UVA radiation safety protocols. 
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Figure 5.1. Schematic representation of ovarian cancer cell invasion of the mesothelial cell 

monolayer.  Adapted from (Slack-Davis et al., 2009). 
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5.8.1 Pulse-labeling  

LP9 cells were transfected with either control or LPA1 smart pool siRNA for 20 hours, after which 

they were washed twice with PBS and incubated 16 hours in cysteine/methionine-free pulse-

labeling medium (RPM1-1640, R7513; Sigma) containing 10% dialyzed FBS (Gibco) to deplete 

intracellular pool of methionine and cysteine. The cells were pulsed with pulse-labeling media 

(RPM1-1640, R7513; Sigma) containing [35-S]-Methionine/Cysteine (0.2 mCi/ml) and incubated 

for the indicated periods of time (Figure 5.2A). The [35-S]-Methionine/Cysteine pulse-labeling 

media was carefully aspirated and the cells were washed three times with PBS making sure to 

aspirate all PBS after the third wash.  Samples were frozen at -80˚C until all samples were 

collected.  The cells were lysed following the RIPA cell lysis protocol; however, protein 

concentration was not assessed. Cell lysates immunoprecipitated (later described) before they were 

resolved on 8% SDS-PAGE gels.  Following SDS-PAGE, the gel was soaked for 1 hour in Gel 

soak solution (40% methanol, 10% Acetic Acid, and 5% Glycerol).  The gel was then rinsed two 

times in H2O for 5 minutes and dried between cellophane using a gel dryer (Bio-Rad).  The gel 

was exposed to autoradiographic film for desired amount of time (16 hrs to 2 days) at -80˚C.   

   

5.8.2 Pulse-Chase     

For pulse-chase experiments, LP9 cells were transfected with either control or LPA1 smart pool 

siRNA for 20 hours and cultured in cysteine/methionine-free media for 16 hours.  LP9 cells were 

incubated for 4 hours in pulse-labeling media containing [35-S]-Methionine/Cysteine (0.2 

mCi/ml); washed three times with PBS; and chased for 2, 4, 6, and 8 hours with complete medium 
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Figure 5.2. Schematic overview of metabolic labeling. A. Experimental set-up for determine 

VCAM-1 synthesis rate.  B. Experimental design for determining VCAM-1 degradation rate. 
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for LP9 cells (Figure 5.2B).  The complete media was carefully aspirated and the cells were washed 

three times with PBS making sure to aspirate all PBS after the third wash.  Samples were frozen 

at -80˚C until all samples were collected. LP9 cells were lysed in supplemented RIPA buffer, 

immunoprecipitated (later described) for VCAM-1 (C-19, Santa Cruz), and resolved on an 8% 

SDS-PAGE gel, which was fixed in 40% Methanol, 10% Acetic Acid, 5% glycerol for 1 hour, 

dried between cellophane and exposed to autoradiographic film.   

 

5.9 Immunoprecipitation 

Cell lysates from metabolic labeling experiments were placed in a final volume of 500 µL of 

supplemented RIPA buffer.  The primary antibody, VCAM-1 (C-19, Santa Cruz) or Rabbit Anti-

mouse IgG  (Jackson Labs), was added to the cell lysates at concentration of 1µg/mL and incubated 

by rotating overnight at 4˚C.  After incubation, 100 µL of 50% Protein A slurry was added to cell 

lysate and antibody, and incubated for 2 hours at 4˚C.  The cell lysates were centrifuged at max 

speeds for 30 seconds to pellet the Protein A sepharse.  The pellet was washed with 500 µl of 

supplemented RIPA cell lysis and centrifuged for 30 seconds three times.  The supernatant was 

aspirated between each wash and centrifuge and the washes were completed on ice. After the third 

wash and centrifuge, the pellet was resuspended in 12 μl of 4X sample buffer and 12 μl of 1X 

RIPA cell lysis buffer to a volume of 24 μl. The samples were boiled at 100˚C for 5 minutes and 

then centrifuged to pellet the Protein A sepharase. All the supernatant was loaded on the SDS-

PAGE gel.  

 

 



131 

 

 

 

5.10 Flow Cytometry 

LP9 cells (106 cells/ml) were transfected with siRNA against LPA1 and LPA2 and stained 

with PE-conjugated anti-human antibodies directed against VCAM-1 (CD106) or isotype 

antibodies as negative controls (all from Millipore). The stained samples were examined using a 

FACSCalibur cytometer (BD Biosciences) and data analyzed using FlowJo software version 

9.4.10 for Macintosh (Tree Star).  Geometric mean fluorescence intensity of anti-VCAM-1 stained 

samples was normalized to the isotype control and expressed relative to siCtrl. 

 

5.11 Mouse Ovarian Cancer Peritoneal Metastasis 

All animal experiments were performed following approval from the Institutional Animal Care 

and Use Committee at the University of Virginia.  Six to 8 week-old female wild type (C57/BL6) 

or LPP1 hypomorphic (LPP1 KO) mice (n for each experiment indicated in figure legend) were 

injected intraperitoneally (IP) with 106 ID8ip2Luc cells in 200 μL PBS.  Mice were observed 2-3 

times per week by laboratory personnel and monitored for signs of distress (i.e., changes in 

appearance, respiration, activity, etc.) and weighed; mice showing signs of distress or losing 

greater than 15% body weight were euthanized and examined for tumor.  Tumor burden was 

monitored weekly by measuring light emission following IP luciferin administration as an 

indication of luciferase activity using an IVIS imaging system (Molecular Imaging Core, 

University of Virginia). Total flux (photons/sec) was determined for the entire abdominal cavity. 

Upon experimental termination, mice were euthanized and tumor burden evaluated upon necropsy 

by counting the number of tumor nodules, and weighing the omentum (primary site of tumor 

implantation) and any additional tumor nodules. Formalin-fixed, paraffin-embedded tissues were 
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sectioned and H&E stained (University of Virginia Research Histology Core) to evaluate 

microscopic tumor burden and the extent of peritoneal invasion.  

 

5.12 Statistical Analysis 

All data were analyzed using GraphPad Prism 5.01 software.  Trans-mesothelial invasion data 

were analyzed either using a one-way analysis of variance (ANOVA) followed by Newman-Keuls 

multiple comparison test or an unpaired T-test. Three way ANOVA was used to quantitative RT-

PCR of VCAM-1 to compare the effect of the knockdown of LPA1 at 4 times points, adjusting for 

experimental variation. Luminescence data were analyzed using 2-way analysis of variance 

(ANOVA) followed by Sidak’s or Tukey’s multiple comparisons test.  The remaining data were 

analyzed by one-way ANOVA followed by Newman-Keuls multiple comparison test.  
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