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ABSTRACT 

Cellular signaling pathways are involved in numerous physiological processes 

such as reproduction, growth, and the development of cancer and chemoresistance.  G-

protein coupled receptors (GPCRs) are master regulators of many signaling pathways as 

they are expressed in numerous tissues types throughout the body.  GPCRs are being 

investigated in cancer development particularly through their roles in angiogenesis, 

metastasis, and inflammation-associated cancer.  Growth factors that bind and activate 

GPCRs to mediate signaling pathways involved in growth and survival include 

lysophosphatidic acid (LPA).   

In our studies, both in vitro and in vivo methods were used to test the importance 

of several signaling pathways in chemoresistant cancer cell survival and tumor biology.  

In our studies, we found that specific Regulators of G-protein signaling (RGS) proteins 

are involved in modulating growth and survival pathways in ovarian cancer.  Specifically, 

we showed that silencing of RGS10 and RGS17 proteins increases viability of ovarian 

cancer cells, and we further examined the role of modulating RGS10 expression on cell 

differentiation, proliferation, and survival pathways.   



We also showed that the inhibition of autotaxin the enzyme that produces LPA is 

a potential therapeutic target for melanoma and how LPA mediated receptor pathways 

can be manipulated to overcome chemoresistance in cancer.  Our most valuable 

observation was that our novel compounds were able to reduce tumor progression in vivo 

in a primary xenograft model of melanoma in correlation with a reduction in markers of 

angiogenesis.  Our data serves to help better understand signaling pathways involved in 

the development of chemoresistance.  
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

Introduction  

The need to survive is innate in all of us, including cancer cells which have 

developed extraordinary means to evade growth suppression.  Since pioneering studies in 

1909 that isolated what is now known as oncogenic Rous sarcoma virus (RSV), the 

modern field of cancer has grown immensely (Weinberg 2007a).  Despite the wealth of 

literature on the etiology of cancer and diversity within the field, the exact mechanisms 

behind how a normal cell transforms into a cancerous cell and develops into a 

chemoresistant tumor are not fully understood.  A major challenge to the treatment of 

many cancers, including ovarian cancer and melanoma, is over coming drug resistance 

that occurs in the majority of patients.  Cancer patients that were once sensitive to 

commonly administered anti-cancer drugs relapse with tumors that are insensitive to 

these first-line chemotherapeutics.  Patients with refractory ovarian tumors and advanced 

staged malignant melanoma have dismal outcomes.  Understanding the molecular 

biology of a solid tumor and the evolutionary mechanisms behind chemoresistance is 

critical to developing therapeutic strategies to overcome this clinical problem. 

 

Ovarian Cancer 

Ovarian cancer is often described as the “silent killer” because many women are 

not diagnosed until the advanced stages of the disease because symptoms are ignored. 



 

2 

Ovarian cancer has the highest mortality among gynecological cancer, and ovarian cancer 

is the fifth most common cancer among women in the United States (Siegel et al 2013).   

Early intervention improves the survival rate of patients with the disease to 90%, the 

standard treatment regiment for ovarian cancer includes surgical debulking of the tumor 

followed by chemotherapy.  If treated in time, at least 70% of ovarian cancers will 

respond to a combination of platinum- and taxane- based chemotherapy after 

cytoreductive surgery (Bast et al 2009).  However, a major challenge to the treatment of 

ovarian cancer is over coming chemoresistance that inevitably develops over time in the 

majority of patients.  Drug resistance occurs not only in cancer cells but other eukaryotes 

and prokaryotes as well.  Resistance can be toward multiple drugs or just a single agent, 

chemoresistance is defined as concurrent resistance to several unrelated drugs that do not 

have a common mechanism after initial exposure to one drug (Tannock 2001, Tredan et 

al 2007).  My research is focused on understanding the tumor biology of ovarian cancer 

and what happens when pathways involved in the development of chemoresistance are 

modulated in ovarian cancer. 

 

Melanoma 

Discovering what signaling pathways can be targeted to develop new therapeutics 

for advanced stage malignant melanoma is another area of my research.  In the United 

States, melanoma rates are on the rise and despite research efforts, it is often a fatal 

metastatic cancer (Siegel et al 2013).  Recently, G-protein coupled receptors (GPCRs) are 

being investigated as targets for therapeutics in melanoma, however, not much is known 

about their mutational status in cancer.  Lysophosphatidic acid (LPA) a growth 
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stimulating factor and autotaxin (ATX) the enzyme that produces LPA, and their 

receptors are being looked at as targets for cancer therapy (Altman et al 2010).  Although 

initially promising, inhibitors of the MEK/RAF pathways that were developed to treat 

malignant melanoma are failing because patients are developing resistance to these drugs 

because of mutations to specific GPCRs such as GRM3. (Wagle et al 2011).  

The common thread between these different cell types is their ability to divide 

rapidly, a characteristic not seen in other mammalian somatic cells.  With cancer cells 

there also exists a complex interplay of factors in the development of multi-drug 

resistance involving the tumor’s microenvironment, the physiochemical properties of the 

chemotherapeutic agents that are administered to cancer patients, immunological host 

response and epigenetic changes in individual cancer cells (Tannock 2001, Tredan et al 

2007).  It is important to understand how these factors contribute to the development of 

chemoresistance in cancer cells. 

 

The Hallmarks of Cancer 

Understanding the hallmarks of cancer can give insight into the processes behind 

tumor development and chemoresistance.  The hallmarks of cancer cell lineage as 

outlined by Hanahan and Weinberg (depicted in Figure 1.1)  include:  sustaining 

proliferative signaling, evading growth suppressors, avoiding cell death, unlimited 

potential for replication, inducing angiogenesis,  and activating tissue invasion and 

metastasis (Hanahan and Weinberg 2011, Spencer et al 2006).  Additional processes 

behind tumorigenesis now include deregulating cellular energetics, evasion of immune 

destruction, genome instability and mutations, and tumor-promoting inflammation among 
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the cancer hallmarks.  Several strategies have been expanded to target cancer cells 

undergoing these cellular alterations (Hanahan and Weinberg 2011).  Several of these 

hallmarks will be discussed in greater detail. 

 

 

 

 

 

Figure 1.1.  The Hallmarks of Cancer adapted from Hanahan and Weinberg. 

This illustration includes the six hallmark capabilities originally proposed in their 2000 

perspective. Cell (2011). 
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 Sustaining proliferative signaling  

The ability of cancer cells to sustain chronic proliferative signaling is highly 

dependent on growth factors.  Initiation factors involved in sustaining tumor growth and 

other physiological processes include lysophosphatidic acid (LPA) and sphingosine-1-

phosphate (S1P) (Murph and Mills 2007).  LPA is found at normal levels in the 

bloodstream and is involved in essential physiological processes including wound 

healing, the production of angiogenic factors, and ion channel regulation (Murph et al 

2006).  Biologically, women have a marginally higher amount of LPA in their serum than 

men.   In cancer, LPA is found abundantly in the peritoneal ascitic fluid of ovarian cancer 

patients and the serum of women with other gynecological cancers as well as in patients 

with multiple myelomas (Murph and Mills 2007).   

LPA is considered to be a bioactive lysophospholipid that exerts its effects 

through promoting proliferation, migration and survival.  As both an autocrine and 

paracrine signaling molecule, LPA circulates in the blood and is generated from 

phospholipid precursors of membranes and secreted by platelets (Figure 1.2).  The 

secreted lysophospholipase D enzyme, autotaxin (ATX) produces LPA from extracellular 

membrane lysophospholipids (Liu et al 2009a).  Autotaxin was named after its first 

discovery as an autocrine motility factor.  Expressed widely in mammalian tissues, ATX 

mRNA is detected at the greatest levels in the ovary, intestines, lung, lymph nodes, brain, 

and spinal cord (Perrakis and Moolenaar 2014).  A membrane-derived lipid mediator, 

LPA is involved in a number of regulatory functions that mediate angiogenesis, neuronal 

and reproductive development (Ye et al 2002, Ye 2008).   
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Specifically, LPA receptors are involved in a number of physiological responses 

in cellular signaling and they play a role in the pathological development of many 

diseases including cancer, pulmonary fibrosis, and diabetes (Blaho and Hla 2011).  LPA 

binds multiple GPCRs of the eight member endothelial differentiation gene (Edg) family.  

The effects of LPA on cellular proliferation are thought to be mediated by cell surface 

Edg receptors and subsequent activation of G-proteins (Hurst et al 2008).  LPA receptor 

genes have been cloned for lpa1 and subsequent LPA receptors, LPA1/EDG-2, 

LPA2/EDG-4 and LPA3/EDG-7 have been identified in mammals.  LPA1 and LPA2 

activate the PTX-insensitive Gq and G12/13, and PTX-sensitive Gi/o.  In contrast LPA3 

stimulates Gq/11/14 and Gi/o but not G12/13.  Many of the G-protein mediated pathways 

activated by LPA stimulation are thought to contribute to cancer development (as 

depicted in Figure 1.3) including Gi, Gq, and G12/13 (Hurst et al 2009, Yu et al 2008).   

Activation of LPA receptors results in a broad array of intracellular events such as 

increases in inositol phosphates and intracellular calcium, inhibition of adenyl cyclase, 

and initiation of kinases such as protein kinase C and many other signaling pathways (Ye 

et al 2002).  The aberrant expression of LPA receptors that are hypersensitive to growth 

factors and constitutively active G-proteins contribute to sustained proliferative growth in 

tumors.  Investigating these signaling components has illuminated regulators of G-protein 

signaling (RGS) proteins, which terminate active G-protein signaling, as moderators of 

chemoresistance in ovarian cancer (Hooks et al 2010, Hurst et al 2009).  Additionally, 

targeting specific LPA receptors expressed in melanoma has proved to be a viable anti-

cancer therapeutic strategy (Altman et al 2010).  These topics will be further discussed in 

detail in later chapters. 
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Many receptors are often dysregulated in cancer by unknown mechanisms.  For 

instance, atypical autocrine activation of the endothelian 1 (ET1) axis by LPA is 

recognized as a common mechanism underlying the advancement of various solid 

tumors, including ovarian cancers  (Bagnato et al 1995, Kamrava et al 2005).  

Endothelian 1 receptor activates G-proteins that are involved in numerous signaling 

pathways responsible for gene transcription, cell survival, proliferation, migration, 

epithelial-to-mesenchymal transition (EMT), neovascularization, and promoting 

chemoresistance (Capaccione and Pine 2013, Rosano et al 2013).   

 

 

 

 

Figure 1.2. Production of lysophosphatidic acid (LPA) by the enzyme autotaxin. 

Autotaxin and LPA are secreted by membrane cells and tissues.  ATX hydrolyzes 

lysophospholipids such as lysophosphatidylcholine (LPC) to produce bioactive LPA. 

Levels of LPA function in a feedback loop and LPA acts on its own GPCRs (adapted 

from Liu et al. Cell Cycle, 2009). 
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Figure 1.3. LPA Induced G-Protein Signaling Pathways Important in Cancer. 

LPA acts on its own GPCRs through at least three distinct classes of heterotrimeric G-

proteins: Gq, Gi, and G12/13 to activate multiple downstream cellular pathways and 

produce its biological effects.  The downstream pathways include the RAS-ERK pathway 

through Gi and Gq,; PI3-AKT pathway through Gi; PKC-GSK3β-β-catenin through Gq; 

Rho-CDC42 pathway through Gi which produce expression of multiple transcription 

factors that induce cell proliferation, growth, and production of prosurvival cytokines. 
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Evading growth suppressors 

The survival promoting activity of LPA has been detected in several cancer cell 

lines including ovarian cancer and melanoma (Gupte et al 2011b, Oyesanya et al 2010).   

LPA is able to inhibit the transcriptional activity and quantity of the tumor suppressor 

p53 by activating LPA1 and/or LPA3 receptors.  Subsequently, LPA exerts its effects 

through Gαi initiation of the phosphoinositol 3-kinase (PI3K) signaling cascade to 

facilitate nuclear export and proteosomal degradation of p53 in lung carcinoma cells 

(Murph et al 2007).  Diminished levels of p53 protein results in decreased p53-mediated 

transcription and reduced caspase-3 activity which consequently leads to evasion of 

apoptosis, increased cell survival, maturation, and proliferation in chondrocytes (Hurst-

Kennedy et al 2010).  These observations may translate to other cell types that express 

levels of specific LPA receptors including melanoma cells which express higher levels of 

LPA1 and LPA3 receptors. 

 

Inducing angiogenesis 

Angiogenesis is the process by which endothelial cells create new blood 

vasculature networks and it is a vital process for sustained growth and development in the 

human body.  In its normal state angiogenesis is tightly synchronized and spurs new 

blood vessels in orderly matrices.  In cancers such as ovarian cancer and melanoma, 

angiogenesis is deregulated and it is a primary step in the direction of a more aggressive 

phenotype.  Vascular endothelial growth factor (VEGF) is a secreted cytokine that signals 

cells to stimulate the growth of new blood vessels otherwise known as the process of 

vasculogenesis.  Part of the vascular repair system, VEGF is able to restore the oxygen 
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supply to tissues when blood circulation is inadequate (Jin et al 2009).  The normal 

function of VEGF is to create new blood vessels during development, injury or exercise, 

and new blood vessels to bypass blocked vessels.  The pathological effects of the over-

expression of VEGF contribute to vascular leakiness and disease (Weis and Cheresh 

2005).   

Autotaxin is another proangiogenic factor that stimulates human endothelial cells 

to form tubules and tumors to become more hyperemic (Clair et al 2003).  An increase in 

VEGF enhances autotaxin expression in ovarian cancer cells resulting in more circulating 

LPA.  Consequently, the cells also produce more LPA and VEGF receptors as well 

(Ptaszynska et al 2008).  This corresponds to a positive feedback loop between autotaxin 

and growth factors involved in angiogenesis such as LPA which also stimulates VEGF 

production (Ptaszynska et al 2008).  

 

RGS5 in angiogenesis 

 

Greater RGS5 expression has been identified in tumors with high angiogenic 

potential.  It is noted that higher RGS5 expression is also observed during ovarian 

angiogenesis (Silini et al 2012).  In the process of pathological angiogenesis which is 

seen throughout tumor progression in many different cancers, RGS5 is temporally 

regulated and directly associated with vessel remodeling during tumor-induced 

neovascularization (Mitchell TS 2008).  Interestingly, contrary to its role in angiogenesis, 

it is known RGS5 can hinder chemo-attractant receptors and control cellular processes 

such as migration and adhesion.  GPCR signaling is thought to be inhibited by the up-

regulation of RGS5 in the course of vascular maturation.  RGS5 causes pericytes to be 

http://en.wikipedia.org/wiki/Embryonic_development
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less receptive to chemokine signaling through its GTPase accelerating protein (GAP) 

activity (Cho et al 2003, Mitchell TS 2008).   

 

Angiogenesis and lymphanogenesis in melanoma  

 Numerous studies have shown that angiogenesis performs a vital function in 

lymphatic and hematological metastasis in melanoma.  Primary cutaneous melanomas 

that are more malignant in nature are well vascularized and this is coupled to lymphatic 

metastasis and reduced survival.  Tumor lymphanogenesis and elevated levels of VEGF 

have been prognostic of metastasis to the lymph nodes in melanoma (Mansfield and 

Markovic 2013).  Lymphanogenesis is the process in which new lymphatic vessels are 

formed and it is linked to worse prognosis in cancer patients.   Researchers have looked 

at the effects of LPA in inducing lymphanogenesis, metastasis, and chemokine 

production (Mu et al 2012).   

  Previous studies have shown growing evidence for investigating the autotaxin-

lysophosphatidic acid affilitation in angiogenesis and lymphanogenesis.  A study in 

zebrafish showed that embryonic silencing of LPA1 resulted in a defect in embryonic 

lymph vessel development (Lee et al 2008b).  Another study in mice showed that ATX 

through producing LPA is vital for vascular development (Tanaka et al 2006).  In 

addition, researchers were able to show that LPA induced the production of IL-8, a 

proangiogenic chemokine found in ovarian cells and granulose-lutein cells.  LPA was 

able to exert its effects through the NF-kB pathway both in in vitro and ex vivo model 

systems (Mu et al 2012).  These studies provide rationale for further research into this 

signaling axis. 
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Chemoresistance in cancer 

Chemoresistance in cancer is two-fold and can be attributed to both acquired and 

intrinsic mechanisms of tumor cell survival after exposure to chemotherapy.  Examples 

of acquired mechanisms include: genetic mutations, gene amplifications, or epigenetic 

changes that alter genes involved in the cell cycle and DNA repair processes (Tannock 

2001).  These mechanisms can also manipulate the uptake, metabolism, or export of 

drugs from individual cells.  In addition, some intrinsic properties of the tumor 

microenvironment that affect both drug penetration and drug permeability include: cell 

adhesion, pH, hypoxia, blood flow, nutrient supply, abnormal vasculature, ion-channels, 

membrane transporters, and receptors all of which can contribute to the development of 

multi-drug resistance in cancer (Damiano et al 2001, Minchinton and Tannock 2006).  

Currently, there are no completely successful pharmaceuticals that are able to avoid the 

onset of chemoresistance in cancer patients which presents a major clinical problem.   

 

Selective pressure 

The role of selective pressure is another important factor in tumorigenesis and the 

development of chemoresistance.  Cells in the human body undergo mutations that 

provide them with a selective growth advantage that leads to their aberrant propagation 

(Ovens and Naugler 2012).  The appearance of invasive behavior in cancer is critical to 

survival but not clearly understood because of its multifaceted nature.  Model simulations 

predict that inhospitable tumor microenvironment conditions such as hypoxia and 

heterogenous ECM drive selective pressures on the tumor toward the selection of 
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aggressive cancer cell clones that result in a more malignant phenotype (Anderson et al 

2006).   

The genetic composition of a cancer cell may recognize its invasive potential 

through clonal expansion fueled by characterized selective forces in the 

microenvironment.  Clonogenic or cancer stem cells are able to generate progeny that 

regenerate a tumor after it has been exposed to chemotherapy (Dean et al 2005, 

Minchinton and Tannock 2006).  Selective conditions in the microenviroment will cause 

mutational inactivation of nonessential genes while eliminating mutations in essential 

survival genes through natural selection.  Ultimately, this could give rise to a molecular 

signature comprised of genes required for survival and reproduction in the genomes of 

cancer cells (Ovens and Naugler 2012).   

Through a series of bioinformatic data mining approaches, a signature was 

discovered corresponding to chemoresistance in serous epithelial ovarian carcinoma cells 

exposed to cisplatin, which also correlated with vincristine- and paclitaxel-resistance.  

Among the specific transcripts looked at there was a decrease in regulators of G-protein 

signaling (RGS) proteins, in particular RGS5, RGS10 and RGS17 (Hooks et al 2010). 

The role of RGS proteins in the tumor biology of ovarian cancer and their contribution to 

growth and survival signaling pathways are areas of research that need further study. 

 

Growth factors facilitating chemoresistance 

In cancer progression, as discussed earlier growth factors such as VEGF are 

critical in promoting angiogenesis.  In the development of solid tumors, cancer cells that 

produce VEGF are able to grow and metastasize.  Over-expression of VEGF and HIF-1α 
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has been associated with a poor prognosis in ovarian cancer and breast cancer patients 

(Saponaro et al 2013, Shao et al 2012).  Particularly, these tumors have an aberrant 

vascular network with new vessels that supply blood and nutrients to the tumor as well as 

leaky vessels that make drug delivery to the primary site difficult (Tredan et al 2007).   

The homeostatic regulation of tissue growth and angiogenesis is disrupted within 

solid tumors affecting the delivery of anti-cancer drugs to the primary site (Brown and 

Wilson 2004).  Tumor cells have the capacity to more aggressively proliferate than the 

cells that form blood capillaries; the rapid proliferation of tumor cells forces vessels 

apart.  As a result, normal vascular architecture is destroyed which leads to irregular 

blood flow creating a population of cells distant from the blood vessels.  These distal cell 

populations that are in close contact with one another and in high cell concentrations are 

particularly resistant to treatment due to their intrinsic cell adhesion properties (Carmeliet 

and Jain 2000).  

The composition and structure of the ECM can reduce the speed of molecules 

moving inside the tumor (Minchinton and Tannock 2006, Tredan et al 2007).  Ultimately, 

these characteristics of the tumor microenvironment regulate the delivery of anticancer 

drugs to cells that are located distal from operating blood vessels.  Especially recognized 

in aggressive malignancies like ovarian cancer, cancer cells that are distant from blood 

vessels are subject to decreasing amounts of oxygen, decreasing drug concentration, 

nutrients and energy. Therefore, these cancer cells develop mechanisms that allow them 

to survive under these conditions (Brown and Wilson 2004, Minchinton and Tannock 

2006). 

 



 

15 

Problems with inadequate drug penetration  

A major shortcoming in anticancer drug treatment, inadequate drug penetration of 

chemotherapeutic agents into solid tumors is a significant obstacle restricting their 

therapeutic benefit.  In cancer treatment, the problem of drug penetration deals with the 

ability of the drug to reach its target site at effective concentrations and drug permeability 

deals with the biological properties of the cellular membrane and the pharmacokinetics of 

the drug that allow for its passage through the cell membrane (Minchinton and Tannock 

2006).  Many anticancer drugs like cisplatin can be sequestered by macromolecules 

decreasing their intracellular accumulation (Sancho-Martinez et al 2012, Zastre et al 

2007) .   

The physiochemical properties of drugs control their rate of diffusion through 

tissue and affect drug penetration and permeability potential in solid tumors; they include 

molecular weight, shape, polarity and aqueous solubility of the drug (Garattini 2007).  

Drug penetration also relies on how the drug is metabolized in the body and free drug is 

removed.  These metabolic processes that affect drug permeability involve both specific 

and non-specific binding to tissue elements and mechanisms of uptake and retention in 

tumor cells (i.e. drug receptors and membrane transporters).   For an anticancer drug to be 

successful, the drug needs to be able to circulate throughout the tumor vasculature, cross 

vessel walls, and pass throughout the tumor tissue to reach and effectively kill 

proliferating cancer cells (Tredan et al 2007).   
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Receptor pathways implicated in chemoresistance 

Hundreds of distinctive isoforms of the different membrane receptors exist in the 

human body.  Nearly half of all the drugs on the market today target GPCRs (Conn et al 

2009).  Drugs that target GPCRs have varied selectivity and affinity to cross talk with 

other growth factor receptors.  This diversity lends to the role of GPCRs in the 

development of resistance to a majority of pharmacological drugs on the market 

(Lappano and Maggiolini 2011).  Prolonged signaling downstream of activated GPCRs 

through constitutively active G-proteins plays a role in amplifying survival signaling in 

cancer.  RGS proteins are able to terminate G-protein signaling downstream of GPCRs 

(Hooks et al 2010).  The complex interplay of aberrant receptor activation and altered 

levels of regulatory proteins such as RGS proteins greatly influences the properties in 

normal cells to shift toward a balance that favors the survival of cancer cells and the 

development of chemoresistance. 

Receptor signaling pathways are involved in the development of cancer and 

multi-drug resistance.  Multifaceted crosstalk between G-protein coupled receptors and 

growth factor receptors coordinates the regulation of numerous downstream signaling 

molecules that are recognized in cancer growth, angiogenesis and metastasis (Lappano 

and Maggiolini 2011).   Many growth factors such as LPA and enzymes such as ATX are 

responsible for the transactivation of epidermal growth factor receptor (EGFR) or 

Heregulin (HER) receptor through agonist stimulation of G-protein coupled receptors.  

The functional expression of GPCRs and EGFR are key factors to contributing to the 

malignant progression of colon, lung, breast and ovarian cancers (Cotton and Claing 

2009, Lappano and Maggiolini 2011).  These receptors are implicated in the development 
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of chemoresistance in breast and ovarian cancer and poor patient prognosis (Liu et al 

2009b, Oyesanya et al 2010).  In addition, some RGS proteins are found to be 

significantly down-regulated in multi-drug resistant ovarian cancer cells (Hooks et al 

2010). 

There are additional pathways that are able to contribute to the development of 

chemoresistance in cancer.  The Hedgehog (HH) pathway contributes to normal stem cell 

maintenance and has been implicated in cancer stem cell regeneration in solid tumors. 

The Patched (PTC) receptor and G-protein coupled receptor  Smoothened (SMO) are the 

key receptors that mediate the HH signal transduction cascade (Lappano and Maggiolini 

2011).  Closely related to HH, the WNT-β-catenin signaling pathway contributes to 

tumor formation most likely through PI3K and AKT survival pathways involved in a 

number of different cellular processes (Cotton and Claing 2009).  Crosstalk between HH- 

and WNT-receptor mediated pathways is thought to be involved in regulating cellular 

responses to stimuli and has been linked to cancer development and progression.  Given 

the mounting evidence linking HH- and WNT-associated G-protein coupled receptors to 

tumor development and progression, further in vitro and in vivo studies are necessary to 

develop therapeutic inhibitors of these pathways (Lappano and Maggiolini 2011).   

G-protein coupled receptors are expressed in numerous tissue types making them 

a desirable receptor family to target for therapeutics.  Particularly, evidence is 

accumulating to support GPCR involvement in cancer development particularly through 

their roles in angiogenesis, metastasis, and inflammation-associated cancer.  The ability 

of GPCRs to crosstalk with growth factor receptors like the EGFR when transactivated 

by a receptor agonist like LPA is significant to both of their roles in cancer progression 
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(Lappano and Maggiolini 2011).  In the following sections, the importance of G-protein 

coupled receptors and RGS proteins in signaling pathways will be discussed in more 

detail. 

 

G-protein Coupled Receptors 

GPCRs: a brief history 

The G-proteins are guanosine di- or tri-phosphate (GDP or GTP, respectively) 

binding proteins, for which they get their name.  GPCRs are 7 trans-membrane associated 

receptors (e.g. Rhodopsin) that are members of the largest family of membrane receptors.  

In 1950, Sutherland was the first to study hormones reacting with a “receptor” that would 

give rise to the concept of transmembrane signaling.  Sutherland’s discovery of cyclic 

AMP and adenylyl cyclase is what many researchers note as the historical beginning of 

the study of G-protein coupled receptors (Hardman et al 1971).  Rodbell and Birnbaumer 

suggested that an intermediate transducer had to exist to link discrete receptors to a 

common effector such as adenylyl cyclase; they collaborated to identify the 

heterotrimeric G-proteins (Birnbaumer & Rodbell, 1969; Rodbell et al., 1971).  Ross and 

Gilman purified the regulatory subunits through their studies examining hormone 

sensitive adenyl cyclase interactions with unknown regulatory components (Ross and 

Gilman 1977).  They discovered that the hydrolysis of GTP allowed heterotrimeric G-

proteins to pair receptors to the activation or inhibition of enzymes or ion-channels to 

allow hormones to modulate physiological and cellular functions (Higashijima et al 1987, 

Sternweis et al 1981). 
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2012 Nobel Prize winners in Chemistry, Lefkowitz and Kobilka were the first to 

theorize that there was a superfamily of receptors that included other seven helix bundle 

proteins that had a similar transmembrane structure as rhodopsin, one of the oldest 

membrane receptors, and these proteins were G-protein coupled receptors (Lefkowitz et 

al 1989).  Structural variations to the receptors are situated in the loops in the 

extracellular and cytoplasmic sides of the membrane (Birnbaumer 2007).  These 

distinctions specify ligand binding and downstream G protein specificity.  GPCRs are 

involved in a number of physiological responses in cellular signaling, and they play a role 

in the pathological development of many diseases because they are expressed in many 

different tissues and organ systems such as the CNS, reproductive system, and 

cardiovascular system (Callihan et al 2011, Marinissen and Gutkind 2001). 

Primarily, GPCRs can act as guanine nucleotide exchange factors (GEFs).  When 

a ligand binds to the GPCR, conformational changes take place in the receptor that cause 

subsequent changes in G-protein activity, which is done by a protein family termed GEFs 

that exchange GDP for GTP (Cotton and Claing 2009).  G-proteins act as switches that 

cycle between active (GTP bound) and inactive (GDP bound) states regulating the 

feedback and sensitization of numerous signaling pathways.  The general mechanism of 

the activation of effector proteins associated with G protein-coupled receptors include: 1) 

the binding of ligand (e.g. hormone) induces a conformational change in the receptor; 2) 

the activated receptor binds to the Gα subunit ; 3) the activated receptor causes 

conformational changes in Gα triggering dissociation of GDP; 4) the binding of GTP to 

Gα triggers dissociation of Gα both from the receptor and from Gβγ dimer; 5) Ligand 

dissociates from the receptor; Gα binds to the effector protein; 6) The protein has an 
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inherent GTPase activity that promotes the hydrolysis of GTP to GDP and causes Gα to 

dissociate from the effector and reassociate with Gβγ reforming the inactive 

heterotrimeric G-protein coupled receptor complex (Bohm et al 1997). Gβγ works to 

stabilize the association of GDP with Gα after the GTPase reaction happens (Tesmer et al 

1997).   

 

G-proteins in signal transduction 

  More than a dozen different G-protein effectors have been identified including a 

variety of enzymes and ion channels. G-proteins can act on a variety of effectors 

including phosphlipase C and A2, to cause opening or closing of transmembrane channels 

for K+, Na+, and Ca2+ as well as numerous downstream signaling events including 

mitogen-activated protein kinase (MAPK) phosphorylation, and other cellular effects 

(Cotton and Claing 2009).  Stimulation of multiple G-proteins which include the four 

major classes of Gα subunits: Gαi, Gαs, Gαq/11, and Gα12/13 results from binding of ligand 

to a G-protein coupled receptor (Willars 2006).  Specifically, Gαs subunits are involved in 

activating adenyl cylcase in cAMP production; Gαi inhibit cAMP and are blocked by 

pertussis toxin; Gαq stimulate PLCβ activation leading to the production of DAG and IP3 

to stimulate calcium mobilization and PKC; and Gα12/13 subunits are involved in small G-

protein Rho activation (Birnbaumer 2007).   

More researchers are recognizing that Gβγ dimers can act as an additional 

signaling arm of mammalian activated heterotrimeric G-proteins by stimulating 

phospholipase Cβ and IP3 formation ultimately leading to calcium mobilization from the 

mitochondria.   In addition, Gβγ dimers have been shown to interact with the 
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glucocorticoid receptor (GR) and Gβγ dimers have been implicated in the regulation of 

endocytosis in the inhibition of intrinsic GTPase activity. Gβγ dimers are also mediators 

of downstream effectors like RAS and they can trigger AKT-mediated signals 

(Birnbaumer 2007).    

 

The small G-proteins: Ras and Rho   

The class of G-proteins described as “small” G-proteins are monomeric GTPases 

that resemble the Gα subunits which share Ras gene homology with heterotrimeric G-

protein complexes.  Examples include  the Rho-family of GTPases that are a main 

division of the Ras superfamily of small (~21 kDa) GTPases (Rossman et al 2005).  Rho 

proteins much like Ras can function as binary molecular switches in response to binding 

GDP or GTP.  Activated Rho-GTP transduces signals to downstream effectors.   This 

pattern of signal transduction by Rho-family proteins is involved in cell-cycle 

progression, gene transcription, actin cytoskeleton regulation, growth and cell survival.  

Abnormal regulation of Ras and the Rho-family GTPases cause malignancy (Rossman et 

al 2005).   Common among mammalian tumors are oncogenic mutations in H-ras, N-ras, 

and K-ras genes.  These mutations impair the intrinsic GTPase activity of Ras proteins 

and cause them to be constitutively activated resulting in aberrant signaling to 

downstream effectors in the absence of stimuli (Castellano and Santos 2011). 

 

Regulators of G-protein signaling (RGS)  

Regulators of G-protein signaling (RGS) are known as GTPase Accelerating 

proteins (GAPs) specific for Gα of heterotrimeric G-proteins.  There are at least 30 
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mammalian forms all characterized by a 130 amino acid RGS core domain.  The presence 

of an RGS domain causes at least a 50-100 fold increase in GTPase activity (McCoy and 

Hepler 2009).  The first RGS protein to be described in the literature was Sst2p that 

repressed the pheromone-induced mating response in yeast S. cervisiae by binding to the 

yeast Gα protein, Gpa1 (Apanovitch et al 1998, Dohlman et al 1998).  Since  

that time, RGS proteins have been shown in structure studies to bind to switch regions of 

Gs, a Gα subunit, and lock the structure into the transition state for the GTPase activity 

(Willars 2006).  Stabilization of the transition state of the GTPase reaction stimulates the 

hydrolysis of GTP to GDP depicted in Figure 1.4; allowing Gα to reassociate with Gβγ 

dimer and subsequently inactivating it.   

 

RGS Domains of Interest 

Most recently, some 37 genes have been identified within the human genome 

encoding proteins containing an RGS or RGS like domain.  These RGS domains contain 

specific sequences that give the RGS proteins their precise activity.  RGS proteins are 

classified into eight distinct sub-families A-H with secondary abbreviations for their 

function (Hollinger and Hepler 2002a, Willars 2006).   The four main families of RGS 

proteins and their domains are listed in Table 1.1.   Some additional domains that RGS 

proteins may have include:  PDZ  binding domain, PTB, phosphotyrosine-binding 

domain; RBD, Ras-binding domain; GGL, Gγ-like domain;  TM, transmembrane 

domain;  DH, Dbl-homology domain; PH, Pleckstrin-homology domain (Kimple et al 

2011). 
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An example of one of the smaller RGS proteins, RGS10 is comprised of only 167 

amino acids that contain only one binding motif comprised of a 120-amino-acid RGS  

domain containing a conserved cysteine residue for palmitoylation (Hollinger and Hepler 

2002b).  In comparison, RGS14 contains an RGS domain as well as adjacent Ras binding 

and GoLoco domains which confer its activity as an effector antagonist and guanine 

nucleotide dissociation inhibitor.  RGS14 has GAP activity against Gαi/o subunits, and act 

as guanine nucleotide dissociation inhibitors for Gαi through a C-terminal GoLoco motif  

 

Figure 1.4.  Regulators of G-Protein Signaling act as GTPases for GPCR ligand-

activated cellular activity. 
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Table 1.1 Regulators of G-protein signaling family members and their domains and 

function. 
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domain.  The GoLoco domain binds selectively to inactive Gα subunits and prevents 

GDP release and subsequently limits G-protein activation.   The presence of both a  

GoLoco and RGS domain within RGS14 permits for interaction with two Gα subunits 

and binding may definitely be co-operative (Zhao et al 2013).   

 

Additional roles for RGS proteins 

In more recent studies, RGS proteins are being investigated in additional roles 

aside of being negative regulators of GPCR-mediated signaling.  Some of these 

additional roles for RGS proteins include acting as Rho-A specific guanine nucleotide 

exchange factors (RGS-GEFs) and the ability for RGS12 to serve as a signaling axis 

between tyrosine kinases and G-proteins of both the G-alpha and Ras superfamilies 

(Siderovski and Willard 2005).  Specifically, PDZ-RhoGEFs contain two additional 

domains that elicit their effects via their dbl-homology (DH) and pleckstrin homology 

(PH) domains.  DH domains aid in the exchange of GDP for GTP on monomeric G-

proteins and the PH domains help to anchor Rho-GEFs to other signaling molecules and 

cause their subcellular localization.  These findings point toward RGS proteins being 

involved in GAP-independent functions in undefined cellular processes including their 

function as scaffolding proteins and non-canonical functions in the nucleus (Sethakorn et 

al 2010). 

Recently, the mechanism by which RGS proteins target the nucleus and their 

nuclear function in protein synthesis has become more intensely studied by researchers.  

Eukaryote initiation factors (eIFs) control mRNA translation and protein synthesis.  The 

eIF2 creates a complex with GTP and the initiation factor Met-tRNA with the 40s 
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ribosomal subunit that is necessary for protein synthesis.   Several of the RGS domain 

proteins (RGS2, RGS4, RGS6, RGS10, and RGS16) are proposed to have the inherent 

ability to localize to the nucleus.   It is theorized that their ability is through nuclear 

targeting motifs or passive diffusion with the exception of areas outside the RGS domain 

that would prohibit them from entering the nucleus (Sethakorn et al 2010).  

  Many RGS proteins are involved in signal transduction and downstream  

phosphorylation events that can lead to MAP Kinase cascade signaling and various 

cellular effects.  For example, the finding that RGS3 co-localizes with several Smads 

including Smad4 led to investigating the potential for RGS3 to regulate TGF-β signaling 

and cellular effects (Yau et al 2008).  The cytokine TGF-β is responsible for cell growth, 

survival, and cellular phenotype is mainly controlled by the phosphorylation of specific 

Smads (R-Smad/Smad4) required for recruitment to the nucleus and gene transcription.  

In earlier studies, a truncated version of RGS3 was found to localize to the nucleus when 

transfected into CHO cells.   Other examples of RGS proteins localizing to the nucleus 

include RGS10 endogenous expression in Neuroglima cells and ectopic and endogenous 

expression of RGS2 and RGS10 in COS7 cells (Sethakorn et al 2010).   

 

RGS10  

Specifically, RGS10 is of interest in our studies looking at signaling pathways 

involved in proliferation and chemoresistance in ovarian cancer.  RGS10 has been 

extensively studied in the brain and to some extent in osteoclast formation in bone 

diseases.  RGS10 expression is enriched in many regions within the brain such as the 

striatal regions and the dentate gyrus granule cells, unlike, RGS5 that is expressed at 
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lesser amounts in the brain (Gold et al 1997).  RGS10 is also dominantly expressed in 

osteoclasts and the RGS10-null mutation results in a severe osteopetrosis phenotype in 

mice, characterized by shortened  limbs and stature.  In a study using RGS10 null mice, 

researchers found that the loss of RGS10 impairs the RANKL-induced 

RGS10/calmodulin–[Ca
2+

]i oscillation–calcineurin–NFATc1 signaling pathway in 

osteoclast differentiation (Yang and Li 2007).  These studies clarify a role of RGS10 in 

differentiation and development. 

 

RGS5 

A member of the R4 subfamily, RGS5 is also of interest in our studies looking at 

the functional role of RGS proteins in ovarian cancer.  RGS5 in addition to its RGS 

domain has an amino terminus that aids with sub-cellular localization. There are also 

transcript variants of RGS5 that lack the amino terminus causing its inability to act at the 

cell membrane (Bansal et al 2007).  The physiological function of RGS5 is not well 

characterized because of the lack of transgenic mice models with altered RGS5 gene 

expression (Cho et al 2003).  There is robust expression of RGS5 in mural cells  of 

angiogenic vessels particularly within the pericytes of both capillaries and arterioles.  In 

mice, the expression of RGS5 reflects the abundance of tyrosine kinase receptor for 

platelet-derived growth factor beta (PDGFRβ) and its ligand PDGF.   Mice embryos that 

don’t have either the PDGF receptor or the ligand lack Rgs5 and pericytes (Bansal et al 

2007).  These studies clarify a role for RGS5 in vascular development and angiogenesis.  
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Research Rationale 

 

In the United States alone, millions of patients are diagnosed each year with some 

form of cancer (Jemal et al 2013).  This presents a serious economic and emotional 

burden to the average American.  Especially, since most cancers like ovarian cancer are 

not diagnosed until the later stages of the disease which are particularly difficult to treat.  

In an effort to develop new cancer therapies, the process of drug development is taking an 

increasing amount of time and money to develop a single drug with limited success.  

There is a tremendous need for basic science, drug discovery screening, and testing 

compounds in vitro and in vivo for efficacy and toxicity in cancer model systems both in 

industry and academia; the drug development pipeline is depicted in Figure 1.5.  There 

lacks an adequate picture of the cellular processes behind why the majority of patients 

become resistant to drug therapy. 

The goal of this thesis research was to characterize signaling pathways that 

mediate chemoresistance in two different cancers: melanoma and ovarian cancer.  My 

research focused on understanding the novel role RGS proteins have in mechanisms that 

are behind chemoresistance in ovarian cancer and on studies to further characterize a 

novel therapeutic target for melanoma.  Ultimately, my goal was to improve knowledge 

of signaling pathways to aid in targeted patient therapy and to help develop potential new 

multi-component therapeutic strategies. 
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Figure 1.5.  Challenges in Drug-Development for Anti-cancer Therapies. 
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Research Objectives  

1)   Determine whether modulating specific RGS protein expression affects the viability 

of ovarian cancer cells treated with first-line chemotherapeutics.   

2)  Determine whether modulating specific RGS protein expression affects cellular 

proliferation in ovarian cancer cells. 

3)  Determine the contribution of silencing RGS10 to cellular survival signaling 

pathways. 

4)   Determine the contribution of RGS5 modulation to tumor biology and progression in 

an in vivo model of ovarian cancer.  

5)   Determine the effects of novel autotoxin inhibitors using in vitro assays in melanoma 

and other cancer cell lines. 

6)  Determine the effects of novel autotoxin inhibitors in tumor growth in an in vivo 

melanoma model. 
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CHAPTER 2 

CELLULAR VIABILITY IS MODULATED BY REGULATORS OF G-PROTEIN 

SIGNALING RGS10 AND RGS17 IN CHEMORESISTANT OVARIAN CANCER 

CELLS
 

 

Introduction 

Chemoresistance is a substantial problem in ovarian cancer and prevents a cure 

until the mechanisms behind it can be uncovered. Patients with refractory ovarian tumors 

have poor prognoses and any improvement in long-term outcomes will require a better 

understanding of the process. In defining why ovarian cancer cells become resistant to 

platinum and taxane drugs, the answers may elucidate therapeutic targets and diagnostic 

tools that predict drug responsiveness. Through a series of bioinformatic data mining 

approaches, we discovered a signature corresponding to chemoresistance in serous 

epithelial ovarian carcinoma cells exposed to cisplatin, which also correlated with 

vincristine- and paclitaxel-resistance.  Leading among the transcripts involved was a 

significant decrease in Regulators of G protein Signaling (RGS) proteins, in particular 

RGS10 and RGS17.  Thus, my research project sought to better understand the functional 

consequence of altering RGS proteins and their role in tumor biology and cellular 

survival pathways.  The data presented in this chapter was produced from experiments 

performed or assisted by Molly Altman.  Work in this chapter contributed to the 
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publication entitled “Regulators of G-Protein Signaling RGS10 and RGS17 regulate 

chemoresistance in ovarian cancer” (Hooks et al 2010). 

 

Ovarian cancer 

Ovarian cancer has the highest mortality among gynecological cancer, and 

ovarian cancer is the fifth most common cancer among women in the United States.  The 

disease is more common in industrialized nations; for example in the U.S., females have 

a 1.4% to 2.5% (1 out of 40-60 women) lifetime chance of developing ovarian cancer but 

in underdeveloped nations the risk is less (Jemal et al 2010).  More than half of the deaths 

from ovarian cancer occur in women between 55 and 74 years of age, indicating that 

older women are at the highest risk for the disease, although germ-line ovarian cancer can 

affect young girls.  Moreover, one quarter of ovarian cancer deaths occur in women 

between 35 and 54 years of age (Jemal et al 2010).   

The exact causes of ovarian cancer are unknown, however, there are risk factors 

associated with developing the disease such as age, a family history of cancer, and 

hormone exposure to estrogen without progesterone (Bast et al 2009). Ovarian cancer is 

termed the “silent killer” because many women do not realize they have cancer until they 

develop a more advanced stage of disease. Often times there are symptoms in the earlier 

stages of disease and these symptoms are overlooked because they resemble 

gastrointestinal symptoms, which could be related to other medical conditions and 

unrelated to cancer.   

Early surgical and first-line chemotherapeutic treatment of ovarian cancer 

improves the survival rate of patients with the disease to 90%.  The standard treatment 
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regimen for ovarian cancer includes surgical debulking of the tumor followed by 

chemotherapy.  If caught in time, at least 70% of ovarian cancers will respond to a 

combination of platinum- and taxane- based chemotherapy after cytoreductive surgery 

(Bast et al 2009).   

 

Chemoresistance in ovarian cancer 

However, a major challenge to the treatment of ovarian cancer is over coming 

multi-drug resistance or chemoresistance that inevitably develops over time in the 

majority of patients.  Chemoresistance is the specific resistance developed by tumor cells 

against the action of therapeutic agents that makes current cancer treatment refractory 

(Tannock 2001).  Therefore, finding ways to resensitize cancer cells to chemotherapy or 

developing novel derivatives of chemotherapeutic drugs are major goals of cancer 

treatment development. 

An initiation factor that enhances ovarian cancer cell survival includes  

lysophosphatidic acid (LPA) which functions by activating multiple LPA receptors or G-

protein coupled receptors (GPCRs) which regulate intracellular signaling cascades 

(Hooks et al 2010).  Lysophosphatidic acid (LPA) and sphingosine-1-phosphate (S1P) are 

considered to be bioactive lysophospholipids.  LPA and S1P are membrane-derived lipid 

mediators that are involved in a number of regulatory functions (Ye 2008). They are 

generated from phospholipid precursors of membranes and secreted by platelets.  It has 

been implicated that LPA’s effect on cellular proliferation is mediated by cell surface G 

protein-coupled receptor(s) also known as Edg receptors (Hurst et al 2008).   
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G protein-coupled receptors (GPCRs) are 7 trans-membrane associated receptors 

that are members of the largest family of membrane receptors.  They are involved in a 

number of physiological responses in cellular signaling and they play a role in the 

pathological development of many diseases.  GPCRs are guanine nucleotide exchange 

factors (GEFs)  that when bound by a ligand are responsible for conformational changes 

in the receptor and subsequent changes in G-protein subunit activity (Cotton and Claing 

2009).   

A critical regulator of GPCR intracellular signaling activation includes GTPase 

accelerating proteins (GAPs) or Regulators of G-protein signaling (RGS) proteins which 

blunt the signal. There are over 20 human RGS proteins in the family and many of these 

have unknown roles in specific GPCR pathway deactivation (Hurst et al 2009). 

Preliminary data has demonstrated that ovarian cancer cells endogenously express RGS 

proteins that function to suppress LPA signaling.   

Multi-drug resistance is a significant problem in treating refractory ovarian cancer 

patients and cellular mechanisms involved in chemoresistance need to be further 

investigated (Hooks et al 2010).  Ovarian cancer is characterized by rapid and 

uncontrolled proliferation of cancer cells within the developing tumor.  Based on 

preliminary studies, we predict that suppressed expression of RGS proteins is a major 

molecular mechanism that allows ovarian cancer cells to resist treatment with 

chemotherapeutics by enhancing cell survival and blunting drug-toxicity.  The following 

sets of experiments tested the hypothesis that specific RGS proteins function to regulate 

ovarian cancer survival signals. We hypothesized that decreasing RGS proteins promotes 
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chemoresistance by enhancing survival signaling in the presence of first-line 

chemotherapeutic drug treatment in serous epithelial ovarian carcinoma.   

 

Materials and Methods 

Cells and Reagents 

We purchased SKOV-3 cells from American Type Culture Collection (Manassas, 

VA). These cells were maintained in McCoy’s 5A medium (Mediatech, Inc., Manassas, 

VA.) supplemented with 10% FBS (PAA Laboratories, Inc., Etobicoke Ontario, 

Candada). Both the parental and the MDR-HeyA8 cell line, a taxane-resistant line 

generated by the long-term exposure to paclitaxel, were kind gifts from Dr. Isaiah J. 

Fidler (Department of Cancer Biology, University of Texas M.D. Anderson Cancer 

Center, Houston, TX) and are presented elsewhere (Kamat et al 2007). MDR-HeyA8 

cells are maintained in RPMI 1640 medium with 300 ng/mL paclitaxel with 15% FBS 

and HeyA8 cells are maintained in RPMI medium with 15% FBS. Lysophosphatidic acid 

(18:1,1-oleoyl-2-hydroxy-sn-glycero-3-phosphate) was purchased from Avanti Polar 

Lipids, Inc. (Alabaster, AL) and reconstituted in 0.1% fatty acid free BSA immediately 

prior to use.  Cisplatin, docetaxel, paclitaxel and vincristine were purchased from Sigma-

Aldrich (St. Louis, MO). siRNA was purchased from Ambion (Austin, TX). RGS 

plasmids were purchased from the UMR cDNA Resource Center (Rolla, MO). 

 

Bioinformatics 

Gene expression profiling data were acquired through the NCBI Gene Expression 

Omnibus (GEO) DataSets. The datasets GSE7556 (Buys et al 2007), GSE15709 (Li et al 
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2009) and GSE2058 (unpublished) were downloaded and mined using Microsoft Excel 

prior to further analysis. Hierarchical clustering analyses was performed using Cluster 

developed by the Eisen lab and the display of hierarchical clustering graphs utilized 

TreeView (Eisen et al 1998) as previously described (Murph et al 2009). Visual 

representation of the data into box plots was done with GraphPad Prism 5 (Graph-Pad 

Software, Inc., La Jolla, CA). 

 

RGS Gene Modulation 

SKOV-3 cells were simultaneously plated and transfected using siPORT NeoFX 

transfection reagent (Ambion, Austin, TX) according to the manufacturer’s protocol for 

reverse transfection. Cells were transfected in parallel with RGS-targeted siRNA and 

negative control (RISC-free) or scrambled siRNAs for each experiment. The siGENOME 

RISC-free siRNA is a suitable negative control because it will not be taken up by the  

RNA-Induced Silencing Complex (RISC).  A transfection mix containing 10 nM siRNA 

and 2 μL siPORT NeoFX reagent in OptiMem (Invitrogen) was added to each well of a 

24-well plate, followed by 30,000 cells in normal growth medium. Cells and transfection 

mix were incubated for 24 hours at 37°C at which point the media was changed to fresh 

SKOV-3 growth medium and/or cells were re-plated into either 96-well or 12-well plates. 

Assays were performed and samples taken for transcript expression analysis 72 h after 

transfection. Knock-down experiments using siRNA in HeyA8 cells were performed 

using Dharmacon ON-TARGETplus SMARTpools (Thermo Scientific, Lafayette, CO) 

and transfected using Dharmafect reagent, according to the manufacturer’s recommended 

protocols. 
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Cellular viability assays 

Approximately 5,000 SKOV-3 cells were seeded in triplicates in 96-well plates in 

10% FBS DMEM and allowed to attach for 24 hours prior to gene manipulation or 

treatment with the indicated concentrations of cisplatin, vincristine, paclitaxel or 

docetaxel for 48 hours. After 48 hours in the presence of chemotherapy, a cell viability 

assay was conducted by removing all media from the 96-well plate and replacing it with 

serum free media containing CellTiter-Blue® reagent (Promega Corporation, Madison, 

WI) as previously described (Hasegawa et al 2008) and measured using SpectraMax M2 

model microplate reader (Molecular Devices, Sunnyvale, CA). 

 

Assessment of Active Cell Proliferation via BrdU Incorporation Assay 

Approximately 5,000 SKOV-3 cells were plated into 96-well plates in the 

presence of 10% fetal bovine serum. The plated cells were incubated for 18 h at 37°C in 

5% CO2 and then transfected with siRNA for RISC-free or RGS10.  Transfected cells 

were incubated for an additional 24 h prior to treatment with BrdU, a thymidine 

analogue.  Incorporation of BrdU is a measure of cellular proliferation and is measured 

by fluorescent intensity.  For BrdU cells were pulse treated for 1 h with a BrdU analog.  

Cells were then stained according to the protocol provided by the manufacturer 

(Millipore, Billerica, MA).  Plates were scanned using Cellomics ArrayScan (Thermo 

Fisher) and the number of cells was automatically captured.  Representative images are 

shown.  Each condition had 6 replications and 8 fields per well were analyzed using high 

content scanning software. The data was retrieved from the manufacturer’s software and 

results were plotted with GraphPad Prism.   
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Quantitative real-time PCR 

For HeyA8 parental and multi-drug resistant cells, mRNA was isolated using 

Trizol reagent (Invitrogen) and quantified prior to cDNA synthesis.  The cDNA was 

synthesized using a Superscript II kit (Invitrogen) and a Mastercycler Pro (Eppendorf 

AG, Hamburg, Germany).  Following cDNA synthesis, quantitative real-time polymerase 

chain reaction was performed using Superscript III kit for RT-PCR (Invitrogen) and 

Master Mix containing Power SYBR Green reagent (Applied Biosystems, Foster City, 

CA).  Transcript expression was assessed using a 7900HT Real-Time PCR System from 

Applied Biosystems (now Life Technologies, Carlsbad, California). Reactions were 

normalized using the housekeeping gene GAPDH and calculations were performed 

according to the ΔΔCT method. Primers used were based on algorithm-generated 

sequences from Primer Bank (http:// pga.mgh.harvard.edu/primerbank/).  

RGS10 Forward: GACCCAGAAGGCGTGAAAAGA,  

RGS10 Reverse: GCTGGACAGAAAGGTCATGTAGA,  

RGS17 Forward: CAGAGGAAGTCT TGTCCTGGT,  

RGS17 Reverse: CAAGCAAGCCAGAAAAGTAGGT,  

GAPDH Forward: GCCAAGGTCATCCATGACAACT,  

GAPDH Reverse: GAGGGGCCAT CCACAGTCTT. 

 

Statistical analysis 

Experimental data was analyzed for statistical differences using an analysis of 

variance (ANOVA) followed by Bonferroni’s Multiple Comparison test or Tukey’s test 

http://pga.mgh.harvard.edu/primerbank/
http://pga.mgh.harvard.edu/primerbank/
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between groups, where indicated. *p < 0.05 **p < 0.01 and ***p < 0.001 indicate the 

levels of significance.  Error bars are standard error of the mean. 

 

Results 

Analysis of RGS expression changes in ovarian cancer models of chemoresistance 

We have recently demonstrated that RGS proteins significantly suppress LPA signaling 

in ovarian cancer cells (Hurst et al 2008, Hurst and Hooks 2009) and that LPA mediates 

AKT activation (data not shown but included in the original paper within the appendix) 

and survival signals in cancels (Hurst and Hooks 2009, Murph and Mills 2007).  Given 

these connections, we explored possible roles for RGS proteins in ovarian cancer 

chemoresistance.  To determine whether altered RGS expression correlates with acquired 

chemoresistance, we assessed RGS expression in multiple datasets downloaded from the 

NCBI Gene Expression Omnibus DataSets that contain whole-genome expression data in 

cultured ovarian cancer cell lines before and after acquired chemoresistance.  Dataset 

GSE15709 describes changes in gene expression in parental chemo-sensitive A2780 cells 

and A2780 cells resistance to cisplatin using quintuplicate sample (Li et al 2009).  In the 

initial study, Nephew and colleagues chronically treated drug-sensitive cells with 

increasing concentrations of cisplatin.  Following multiple rounds of clonal selection of 

increasingly resistant cells, they generated a multi-drug resistant cell line.  Analysis of 

changes in RGS gene expression revealed that several RGS transcripts-RGS2, RGS3, 

RGS5, RGS10, RGS12, RGS16, and RGS17 were decreased in chemoresistant cells.  

These RGS transcripts were sufficient to distinguish between parental and resistant cell 

lines in hierarchical clustering analysis of expression data.  To select RGS probes 
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distinguishing chemo-resistant from parental cells, we first applied Welch’s t-test to all of 

the probes contained within the array for RGS transcripts.  The result was then visualized 

with a heatmap after hierarchical clustering. This supervised approach revealed a clear 

correlation between decreases in selected RGS transcripts and the cisplatin-resistant 

phenotype (Figure 2.1A).  We further compared the level of expression from individual 

RGS transcripts in parental A2780 and cisplatin-resistant cells using GSE15709 and 

determined that RGS2, RGS5, RGS10, and RGS17 were significantly lower in resistant 

cells than in parental cells (Figure 2.1B, ***p < 0.001, *p < 0.05).  Multiple probes for 

RGS5 and RGS10 were present on the array, distinguished in the figure as RGS5 and 

RGS5’, and RGS10 and RGS10’. 

To further confirm that expression of these RGS transcripts is reduced in drug 

resistant cancer cells, we directly measured expression of RGS transcripts in parental 

Hey-A8 ovarian cancer cells and taxane-resistant derivatives of this cell line (commonly 

referred to as Multi-drug resistant or MDR-HeyA8 cells), although they retain cisplatin 

sensitivity (Figure 2.3).  RNA was isolated from both cell lines, and transcript expression 

was quantified using real time RT-PCR as described in the methods.  We again found that 

RGS2 was decreased in the HeyA8 MDR cell line; however, no change was observed in 

RGS5 expression (Figure 2.2). Taken together, these data show that RGS2, RGS10, and 

RGS17 transcripts are commonly down-regulated in acquired chemoresistance in three 

distinct ovarian cancer cell lines resistant to three distinct chemotherapeutics, while 

RGS5 was down-regulated in two of the models.  This suggests that these RGS proteins 

have a broad role in cell survival in the presence of multiple chemotherapeutic agents. 

file:///C:/Users/Molly/Dropbox/Dissertation%20Papers/AltmanDissertationVer13.docx%23_bookmark0
file:///C:/Users/Molly/Dropbox/Dissertation%20Papers/AltmanDissertationVer13.docx%23_bookmark0
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Figure 2.1. RGS  transcript  expression  is  decreased  in  cisplatin resistant A2780 cells.  (A)  

A hierarchical clustering heat map is shown depicting changes in RGS expression between 

parental A2780 cells (n = 5) and chemoresistant (resistant) A2780 cells (n = 5). As indicated in 

the side bar, red coloring represents a high level of comparative expression and green indicates a 

lower level (range 4.3 to -3.5). (B) A box plot depicts the expression levels of multiple RGS 

transcripts in parental and drug resistant A2780 cells exposed to long-term cisplatin. RGS2, 5, 10, 

and 17 were significantly down regulated in repeated datasets and are presented here. Where 

multiple probes for the same gene were included on the microarray chip, these are distinguished 

with (’). *p < 0.05, ***p < 0.001 between groups, parental vs. chemoresistant cells. 
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Figure 2.2.  RGS expression is decreased in multi-drug resistant HeyA8 ovarian 

cancer cells.  RGS expression is decreased in paclitaxel-resistant HeyA8 cells compared 

to parental HeyA8 cells. RNA was isolated from parental and MDR-HeyA8 cells as 

described, and the expression of RGS2, RGS5, RGS10 and RGS17 transcripts was 

normalized to b2- microglobulin as an internal standard prior to the comparison between 

parental and multi-drug resistant HeyA8 cells. The fold change in expression relative to 

vehicle controls was calculated by the 2-ΔΔCt method. *p < 0.05, normalized control vs. 

RGS groups. 
 

 

 

 

Cisplatin treatment lowers expression of RGS10 and RGS17 in ovarian cancer cells 

 

The above analysis suggests a correlation between acquired chemoresistance and 

decreased expression of RGS2, RGS5, RGS10 and RGS17 transcripts.  Lower expression 

observed in chemoresistant cancer cells could reflect acutely down-regulated RGS 

transcripts or selection for cells expressing reduced RGS transcripts. To determine if 

exposure to chemotherapeutics acutely causes inhibition of RGS transcripts, we treated  

SKOV-3 ovarian cancer cells with cisplatin for 24 and 48 hours, isolated RNA, and 

quantified RGS transcript expression. Cells were treated with 100 μM cisplatin, which  
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represents approximately an IC80 dose, as determined by cell viability dose response 

curves (Figure 2.4).  

Expression of RGS10 and RGS17 was reduced following a 48 h exposure to 

cisplatin (*p < 0.05). Significant reductions in transcript levels were RGS10, and RGS17 

transcripts were significantly reduced in the MDR-HeyA8 cell line also observed just 24 

hours after cisplatin treatment (data not shown included in publication).  To assess 

whether the changes were transient, we further determined the level of transcript 

expression after treatment with 100 μM cisplatin for 48 hours as described above, 

followed by removal of the drug and growth in fresh media for an additional 48 hours.  

Surprisingly, RGS10 and RGS17 transcript levels remained significantly lower two days 

following removal of the drug as compared to control cells, suggesting persistent effects 

on RGS expression following cisplatin exposure (data not shown included in publication) 

(Hooks et al 2010). 

To determine the effects of more chronic exposure, we also treated cells with 

IC30, IC50, and IC80 doses of cisplatin for 72 and 96 hour incubations. Unfortunately, 

exposure times greater than 48 hours using an IC80 dose led to significant cell death, and 

treatment of cells with lower doses did not have a significant effect on RGS10 and 

RGS17 transcript expression (data not shown).  No significant changes were observed in 

RGS2 or RGS5 expression following cisplatin exposure, and changes in RGS10 and 

RGS17 were not consistently observed following exposure to therapeutic doses of 

vincristine or docetaxel (data not shown). 
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 RGS10 and RGS17 expression levels regulate the cytotoxicity of chemotherapeutics 

We next determined if directly inhibiting RGS expression could recapitulate the 

observed loss of chemosensitivity.  For the following experiments, we focused on RGS10  

and RGS17 because they were down-regulated in three independent models of 

chemoresistance, and, unlike RGS2, they selectively deactivate Gi family G-proteins 

(Heximer et al 1997, Mao et al 2004), which are known to regulate survival pathways 

(Hurst and Hooks 2009, Long et al 2005a, Nunn et al 2006).  To determine if the loss of 

RGS10 and/or RGS17 expression could be directly linked to a change in sensitivity to 

chemotherapeutics, we determined the effect of siRNA mediated knock-down of RGS10 

and/or RGS17 on cell viability in the absence or presence of chemotherapeutics. 

Transfection of siRNA duplexes targeted at RGS10 and RGS17 resulted in 75-85% 

reduction of each respective transcript whether transfected alone or in combination 

(Figure 2.5A). We first assessed changes in cell viability mediated by changes in RGS 

expression levels in the absence of any chemotherapeutic drug. Reduced expression of 

either RGS10 or RGS17 resulted in significantly higher cell viability 72 hours after 

siRNA transfection (Figure 2.5B). 

We further assessed the ability of RGS10 and RGS17 levels to affect cell death 

induced by three cytotoxic chemotherapy agents: the platinum compound cisplatin, the 

taxane compound docetaxel, and vincristine. Platinum and taxane compounds are used in  

first-line chemotherapy regimens in ovarian cancer (paclitaxel usage in ovarian cancer is 

an FDA-approved labeled indication while docetaxel is off-label for this indication).  
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Table 2.1. Potencies of chemotherapeutics following siRNA treatments in SKOV-3 

cells 

 

 

Vincristine is used for other tumor types (acute lymphoblastic leukemia, Hodgkin’s 

lymphoma, multiple myeloma, etc.), but was included in the analysis to determine how 

broad the effects of RGS proteins were. SKOV-3 cells display low sensitivity to cisplatin,  

requiring micromolar doses for significant cell death. In contrast, these cells are highly 

sensitive to vincristine and docetaxel (Figure 2.4). Cell viability was determined 

following 48 hour treatment with 100 μM cisplatin, 100 nM vincristine, or 100 nM 

docetaxel in cells transfected with either negative control siRNA, RGS10 siRNA, RGS17 

siRNA or both RGS siRNA constructs. The percent cell viability (normalized to cell 

number in the absence of drug, to account for the effect on overall cell growth as shown 

above) was significantly higher in cells with reduced RGS10 or RGS17 expression levels 

(Figure 2.5C). Dose response curves show that lowering either RGS10 or RGS17 

transcript levels resulted in a decrease in the potency of cisplatin, vincristine, and 

docetaxel (Figure 2.6A-C).  The potencies of these three chemotherapeutic agents 

following siRNA treatment in SKOV-3 cells are contained in Table 2.1 (Hooks et al 

2010). 
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Figure 2.3.  Percent cell viability of HeyA8 parental versus HeyA8-MDR cell lines. 

Hey A8 and HeyA8-MDR cells were plated into 96 well plates for drug treatments at 

5,000 cells per well.  Cells were treated with concentrations of cisplatin, vincristine, and 

paclitaxel for 48 hours.  After 48 hours, the media was removed and replaced with serum-

free media containing cell-titer blue reagent.  Plates were read approximately 8 hours 

later and absorbance was read and percent viability was calculated using the untreated 

control cells absorbance readings.  All data was graphed in GraphPad Prism.  
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Figure 2.4. Cell viability measured in SKOV-3 cells treated with chemotherapeutics. 

Potency of Docetaxel, vincristine, and cisplatin was determined after 48 hours of drug 

treatment using cell titer blue metabolic viability assays. Drug concentrations are graphed 

in log µM doses. 
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Figure 2.5. SKOV-3 cell sensitivity to cytotoxic drugs is altered by modulating 

RGS10 and RGS17 expression levels.
 
(A) Transcript levels of RGS10 and RGS17 were 

determined using quantitative RT-PCR 72 hours after transient transfection with the 

indicated siRNA constructs. RGS transcript levels were normalized to GAPDH 

transcripts and reported relative to negative control-siRNA treated cells. (B) Overall cell 

viability was determined in SKOV-3 cells 48 hours following siRNA transfection in the 

absence of drug using CellTiter-Blue colorimetric cellular metabolism assays. (C) 

Cytotoxic drugs were added to cells at the indicated doses 24 hours after siRNA 

transfection, and cell viability was determined 48 hours after addition of drug. Data are 

shown normalized to cell viability in the absence of drug (100%). *: p < 0.05, **: p < 

0.01,***: p < 0.001. 
 

 

 

 

 

 

 

 



 

49 

 
 

 

Figure 2.6. Cell viability curves in SKOV3 cells treated with chemotherapeutics. 

(A-C) siRNA-mediated knock-down of RGS10 or RGS17 alone or in combination 

resulted in a right-shifted dose response curve of cisplatin (A), vincristine (B), or 

docetaxel (C) toxicity in SKOV-3 cells. 
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Simultaneous knock-down of RGS10 and RGS17 did not markedly enhance the 

effect of individual knock-downs. These data suggest that ovarian cancer cells may have 

survival signals which are normally blunted by endogenous RGS10 and RGS17 

expression. Notably, the fold decrease in RGS10 and RGS17 transcript expression 

achieved following siRNA treatment that led to this increase in cell survival is 

comparable to that observed following cisplatin exposure, indicating that cisplatin 

exposure itself may reduce the sensitivity of SKOV-3 cells to cisplatin by inhibiting 

RGS10 and RGS17 expression. 

We next performed the reciprocal experiment by over-expressing either RGS10 or 

RGS17 in SKOV-3 cells, with the expectation that this may increase the potency of 

cisplatin-induced cell death. Indeed, in some experiments RGS10 and RGS17 over-

expression did enhance chemotherapeutic potency, but the effect was not consistent, 

varying with transfection efficiency (data not shown).  It is possible that the endogenous 

levels of RGS10 and RGS17 are sufficiently high to provide near- maximal GAP activity, 

such that only extremely high levels of transient transfection produce a significant change 

in activity levels. Nonetheless, the decrease in cytotoxicity of chemotherapeutics 

following RGS10 or RGS17 knock-down clearly indicate that the suppression of these 

proteins promotes cell survival and suggest a decrease in the expression levels of RGS10 

or RGS17 are sufficient to lower ovarian cancer cell sensitivity to chemotherapeutic 

cytotoxicity. 
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MDR-HeyA8 sensitivity to cisplatin cytotoxicity is regulated by RGS10 expression 

To confirm that our observation that direct suppression of RGS expression by 

siRNA decreases sensitivity to chemotherapeutic drug induced cytotoxicity was not 

specific to SKOV-3 cells, we also determined the effect of RGS knock-down on cell 

viability, cell proliferation, and cell death in Hey-A8 cells. RGS10 siRNA resulted in 

selective loss of RGS 10 transcript (Figure 2.7A). However, in our hands RGS17 siRNA 

resulted in non-selective knock-down in HeyA8 cells, unlike the selective effects seen in  

SKOV-3 cells.  Thus, we report here the effects of only RGS10 siRNA. Transient siRNA 

transfection resulted in approximately 80% knock-down of RGS10 transcript MDR-  

HeyA8 cells and the effects on cell viability and death were strikingly similar to those 

observed in SKOV-3 cells. Knock-down of RGS10 transcript resulted in a small but  

significant and reproducible increase in cell viability (Figure 2.7B).  Further, the relative 

cell viability in the presence of micromolar doses of cisplatin (normalized to that seen in 

the absence of drug) was significantly higher with RGS10 siRNA knock-down (Figure 

2.7C). Also similar to results in SKOV-3 cells, we confirmed that RGS10 knockdown 

blunts cell death stimulated by a 10 µM dose of cisplatin (data not shown), while it has 

no effect on cell proliferation in SKOV3 cells, as measured by BrdU incorporation 

(Figure 2.8). Thus, RGS10 knockdown has similar effects in SKOV-3 cells and MDR-

HeyA8 cells.  

 

 

 

 

file:///C:/Users/Molly/Dropbox/Dissertation%20Papers/AltmanDissertationVer13.docx%23_bookmark5
file:///C:/Users/Molly/Dropbox/Dissertation%20Papers/AltmanDissertationVer13.docx%23_bookmark5
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Figure 2.7. RGS10 alters cytotoxicity of cisplatin in multi-drug resistant HeyA8 

cells. (A) RT-PCR indicates selective knock-down of RGS10 48 hours following 

transfection of MDR-HeyA8 cells with RGS10 siRNA. (B) siRNA mediated knock-down 

of RGS10 results in increased cell growth as determined by viability assays. *: p < 0.05 

(C) Cisplatin was added at the indicated doses 24 hours after siRNA transfection, and cell 

viability was determined 48 hours after drug treatment. Data are shown normalized to cell 

viability in the absence of drug (100%). Inset: Relative cell viability of RGS10 siRNA 

transfected MDR-HeyA8 cells is significantly higher than control transfected cells in the 

presence of 40 μM cisplatin. **: p < 0.01. 
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Figure 2.8.  Results from BrdU proliferation assay in SKOV-3 cells.   A. Images 

taken with cellomics machine of SKOV-3 cells transfected with Negative non-targeted 

siRNA after BrdU treatment and siRNA for RGS10 48 hours following transfection. B. 

SKOV-3 cells transfected with siRNA for RGS10 after BrdU treatment. Cells were also 

pretreated with BrdU a thymidine analogue, incorporation of BrdU is a measure of 

cellular proliferation.  The average fluorescent intensity in each field in each siRNA 

condition is shown for BrdU.  N=2 independent experiments with 6 wells per condition 

and >7 fields per well.  Error bars are standard error of the mean (SEM). 
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Discussion 

Chemoresistance is a formidable obstacle to treating patients that become 

refractory and resistant to first-line anti-cancer drugs.   Patients that relapse have a poor 

prognosis and strategies to overcome resistance are greatly needed to further understand 

the mechanisms underlying chemoresistance in ovarian cancer.  Our collaborative study 

is the first to implicate certain RGS proteins, specifically RGS10 and RGS17, in the 

development of chemoresistance in ovarian cancer.   

Herein, we   discussed in this thesis chapter is the characterization of the cellular 

survival response to chemotherapeutic drugs when RGS protein expression is modulated 

in SKOV-3 and HeyA8 MDR ovarian cancer cell lines.  We first set out to characterize 

the expression patterns of RGS10 and RGS17 in these cell lines as well as the effects of 

reduced RGS expression on cell viability in the presence of first-line chemotherapeutic 

drugs.  In addition, our collaborators on this work observed the ability of RGS10 and 

RGS17 to blunt activation of the survival factor AKT (data not shown) (Hooks et al 

2010).  Taken together this data proposes that reduced expression of RGS proteins 

confers cancer cells the ability to survive in the presence of chemotherapy.   

The mechanisms by which cancer cells become resistance to first-line 

chemotherapeutics such as paclitaxel and cisplatin are not clearly understood.  Our 

collaborative work is the first to suggest that RGS10 and RGS17 are able to moderate 

endogenous survival pathways.   RGS proteins are known as GAPs specific for Gα of 

heterotrimeric G-proteins.  There are at least 30 mammalian forms all characterized by a 

130 amino acid RGS core domain.  The presence of an RGS domain causes at least a 50-

100 fold increase in GTPase activity (McCoy and Hepler 2009).  The importance of RGS 
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proteins in mediating the strength and duration of survival signals makes them essential 

proteins for many physiological effects.  Reduced RGS expression can have profound 

effects in the cardiovascular and respiratory systems (Labuda et al 2013, Qin et al 2012).   

Lacking well characterized functional domains outside of the RGS domain, 

RGS10 and RGS17 are among the smallest of the RGS proteins.   Both RGS10 and 

RGS17 have sites for palmitoylation which control their subcellular localization (Mao et 

al 2004) .  In the clinic, RGS17 has been shown in expression databases to decrease with 

advanced disease staging in ovarian cancer (Rhodes et al 2004).  In contrast there are 

studies that show overexpression of RGS17 in human lung and prostate cancer promotes 

tumor cell proliferation (James et al 2009).  Before our studies, RGS10 expression 

changes have not been reported in ovarian cancer.  These observations point toward the 

effects of RGS expression as cell-type dependent. 

Our study was driven by whole-genome expression changes reported for acquired 

chemoresistance in ovarian cancer.  The changes in RGS transcripts that were observed 

overlapped with previously published LPA-induced transcriptome data that identified 

transcripts that were regulated after LPA treatment in OVCAR-3 and SKOV-3 cells 

(Buys et al 2007, Murph et al 2009).  This is not surprising because LPA is known to 

induce activation of G-proteins upon binding to GPCRs.   

Although there is support for the involvement of LPA survival pathways in the 

connection between RGS proteins and chemoresistance, there are discrepancies in our 

data that suggest LPA agonist activation of GPCRs is not the complete story.  We and our 

collaborators have observed inconsistencies in LPA-induced activation of AKT and other 

downstream phosphorylation events that will be discussed in chapter 3.   
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CHAPTER 3 

 

A NON-CANONICAL ROLE FOR RGS10 IN MTOR PATHWAY ACTIVATION 

THROUGH THE SMALL G-PROTEIN RHEB
 1 
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Abstract 

The regulator of G-protein signaling 10 (RGS10) is a GTPase activating protein 

that accelerates the hydrolysis of GTP and therefore inactivates G alpha subunits, 

ultimately terminating signaling. We previously demonstrated that the absence of RGS10 

enhances ovarian cancer cell survival and facilitates chemoresistance, yet the molecular 

mechanism regulating this outcome was evasive. Herein, we report activation of the 

mTOR pathway is significantly enhanced following RGS10 suppression in ovarian 

cancer cells. Knockdown of RGS10 resulted in a significant increase of activated Rheb, a 

GTPase protein that shuttles between its GDP- and GTP-bound forms to activate mTOR. 

Immunoblotting experiments and reverse phase protein lysate arrays indicate that 

knockdown of RGS10 results in an increase in the phosphorylation of mTOR (Ser-2448) 

and the eukaryotic translation initiation factor 4E binding protein 1 (4E-BP1) at Thr-

37/46 residues.  Since this occurs in the absence of any agonist stimulation, we propose 

that RGS10 is antagonizing mTOR signaling through the small G-protein Rheb. 

Phosphorylation of mTOR and 4E-BP1 by RGS10 suppression is inhibited or abolished 

only after exposing cells to temsirolimus or INK-128, respectively.  

 Furthermore, suppressing RGS10 increases cell size and further enlargement is 

achieved by agonist stimulation (via lysophosphatidic acid) and reversed by mTOR 

inhibition.  Nascent protein synthesis increased somewhat among cells with reduced 

RGS10 expression. Since 4E-BP1 phosphorylation is a hallmark of aggressive cancer 

phenotypes, our data suggests that RGS10 suppression mediates this effect through an 

increase in RheB-GTP and thus a gain in the activation of mTOR signaling in ovarian 

cancer cells. 
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Introduction 

Regulators of G protein signaling (RGS) proteins are GTPase activating proteins 

(GAPs) that accelerate the hydrolysis of GTP from G alpha protein subunits, thus 

inactivating these proteins and preventing continued signaling.  More specifically, the 

RGS10 protein increases the hydrolysis of GTP from the activated forms of Gαi3, Gαo and 

Gαz, but not Gαs (Hunt et al 1996).  The classical model of cellular signaling through 

seven transmembrane, G protein-coupled receptors (GPCRs) along the plasma membrane 

asserts that RGS proteins attenuate heterotrimer-linked, G-protein signaling initiated as a 

result of receptor activation due to extracellular agonist binding; therefore, they control 

the master switch which regulates the signal duration. 

  There are at least 30 RGS and RGS-like, domain-containing proteins; among 

these, the RGS10 protein has a very basic structure.  Although it is not the smallest RGS 

protein, the RGS10 protein has little more than the common 120 amino acid RGS domain 

containing a conserved cysteine residue for palmitoylation (Hollinger and Hepler).  Its 

lack of structural complexity enhances the enigmatic nature of the protein and provides 

no clues to its role in regulating cellular signaling.  In addition, RGS10-deficient mice are 

viable (Lee et al , Yang and Li), which implies its role affects signal modulation and it is 

not absolutely essential for life.  However, since the gene is broadly conserved across 

species, including human, Rhesus monkey, dog, cow, mouse, rat and chicken, it suggests 

an influential role for RGS10 in biological systems.  

 Non-traditional roles for RGS proteins aside from acting primarily as a GAP for 

G-proteins include acting as guanine nucleotide exchange factors (RGS-GEFs) and the 

ability for RGS12 to serve as a signaling axis between tyrosine kinases and G-proteins of 
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both the G-alpha and Ras superfamilies (Siderovski and Willard 2005).  Many RGS 

proteins are involved in signaling transduction and downstream phosphorylation events 

that can lead to MAP Kinase cascade signaling and various cellular effects (Sambi et al 

2006).   

Recent studies are investigating how RGS proteins target the nucleus and their 

nuclear function.  Presently, it is known that many RGS proteins have the capability to 

localize to the nucleus.  Examples include RGS10 endogenous expression in Neuroglima 

cells and ectopic and endogenous expression of RGS2 and RGS10 in COS7 cells. Several 

RGS domain proteins (RGS2, RGS4, RGS6, RGS10, and RGS16) are proposed to have 

the inherent ability to localize to the nucleus.   It is theorized that their ability is through 

nuclear targeting motifs or passive diffusion with the exception of areas outside the RGS 

domain that would prohibit them from entering the nucleus (Sethakorn et al 2010). Their 

function while in the nucleus is still not fully understood, however, because of intense 

study there are several functions of RGS proteins in the nucleus currently known that 

include; acting as scaffolding proteins in transcription binding complexes with CREB and 

RGS protein involvement in protein synthesis (Sethakorn et al 2010). 

One example of nuclear functioning of RGS proteins includes RGS2 acting to 

regulate protein synthesis.  Eukaryote initiation factors (eIFs) control mRNA translation 

and protein synthesis.  The heterotrimeric GTPase, eIF2 creates a complex with GTP and 

the initiation factor Met-tRNA with the 40s ribosomal subunit that is necessary for 

protein synthesis.  A pentameric guanine nucleotide exchange factor (GEF) protein, 

eIF2B acts to exchange GDP for GTP on the eIF2 complex.  In a yeast two hybrid study 

it was shown that eIF2B epsilon has a surface interaction area that binds RGS2 and 
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prevents the exchange of GDP for GTP.  Functionally this results in reduction of 

translation efficiency and the inhibition of protein synthesis (cite 48 in RGS non-

canonical paper Sethakorn, 2010). The function of RGS2 in protein synthesis is attributed 

to the 37 amino acid binding sequence that is conserved among other RGS proteins at the 

N-terminus of the RGS domain and may confer similar functioning in other RGS proteins 

as well.  

The mammalian (or mechanistic) target of rapamycin (mTOR) is a 

serine/threonine-protein kinase in the phosphatidylinosital 3-kinase(PI3-K)/Akt signaling 

pathway, signal integrator and thus a master regulator of cell physiology. It forms the 

catalytic subunit of two intracellular complexes, mTORC1 (mTOR-Raptor-GβL) and 

mTORC2 (mTOR-Rictor-GβL), which regulate the processes of growth, survival and 

protein translation.  The mTORC1 complex phosphorylates the eukaryotic translation 

initiation factor 4E binding protein 1 (4E-BP1). Through the phosphorylation of 4E-BP1, 

mTOR is thus able to govern cell growth.  In addition, mTOR is also a crucial upstream 

activator of Akt, which allows it to affect cell survival and proliferation.  

A chief regulator of protein synthesis downstream of mTORC1, 4EBP1 is a cap-

binding protein that negatively regulates eIF4E translation initiation (Hsieh et al 2012).  

When 4EBP1 becomes phosphorylated by mTORC1, it is removed from eIF4E which 

allows the formation of the translation initiation complex at the 5’ end of mRNAs.  

Inhibition of mTOR signaling has shown promise as a cancer therapeutic in several 

different cancer types.  A specific mTORC1 inhibitor, INK128 inhibits cancer cell 

migration and decreases the expression of the four main pro-invasion genes (Mazzoletti 

et al 2011).  
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In more recent years, highly sophisticated inhibitors are being used to target 

proteins that are involved in key translational complexes.  Rapamycin and its analogues 

temsirolimus and everolimus are inhibitors of mTOR that rapidly prevent the activity of 

mTORC1 and causes a progressive shutdown of mTORC2. Inhibition of mTOR signaling 

has shown promise as a cancer therapeutic in several different cancer types.  A specific 

mTORC1 inhibitor, INK128 inhibits cancer cell migration and decreases the expression 

of the four main pro-invasion genes (Guo and Kwiatkowski 2013, Weinberg).  

Rheb, the Ras homolog enriched in brain protein, is a member of the small 

GTPase superfamily of monomeric proteins.  The structure of Ras includes two switch 

regions (I and II) within Ras that are greatly altered when Ras cycles between GTP and 

GDP-bound form.  An effector of Ras, PI3-K binds to switch region I when Ras is GTP-

bound (Tee et al 2005).  Rheb functions to bind and activate mTOR (Long et al) and it is 

essential for coupling all upstream signals including growth factors to the activation of 

mTORC1 (Efeyan and Sabatini 2010, Goorden et al 2011).  A well-characterized 

regulator of Rheb is the tuberous sclerosis complex 2 (TSC2) protein (Zhang et al), which 

inhibits Rheb using its GAP activity (Tee et al).  TSC2 is also a known tumor suppressor 

that forms a complex with TSC1 and negatively regulates mTORC1. Thus, Rheb 

stimulates the phosphorylation of mTOR and 4E-BP1, ultimately regulating cell growth 

(Inoki et al). There is also evidence that Rheb activation of mTOR is effected by 

mutations to critical residues in the switch regions of the protein.  These observations 

suggest that Rheb is only able to activate mTOR when in its GTP-bound state (Tee et al 

2005).   This further strengthens our finding that RGS10 is able to elicit effects on mTOR 

signaling presumably as an effector antagonist for the small GTPase Rheb (GDI?). 
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We have recently shown that the suppression of RGS10 expression is involved in 

mediating chemoresistance in ovarian cancer cells (Hooks et al).  In this study we 

demonstrated that chemotherapy-induced cell toxicity is significantly altered by RGS10 

reduction, allowing the cells to survive at much higher drug concentrations. Furthermore, 

the suppression of RGS10 expression observed in our system occurs through epigenetic 

modulation via histone de-acetylation in tumorigenesis and DNA methylation in 

chemoresistance (Ali et al).  Taken together, our previous studies imply that cancer cells 

have the ability to epigenetically modify RGS10 protein expression during toxic 

conditions in order to survive.  However, the specific molecular mechanism explaining 

how RGS10 is able to influence cell signaling affecting survival pathways was previously 

unknown.  In addition, it was unclear whether RGS10 had any other specific purpose as 

an antagonist or exists exclusively as a GAP for G alpha protein subunits to terminate 

signaling events.  

Herein we have identified that RGS10 affects mTOR activity in the absence of 

agonist-induced cell signaling. The RGS10 protein regulates mTOR signaling through its 

effects on Rheb, because in the absence of RGS10 there is a significant increase in 

activated Rheb bound to GTP. Furthermore, when RGS10 is suppressed, this causes 

mTOR phosphorylation and subsequent phosphorylation of 4E-BP1, which ultimately 

enhances cell growth.  
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Experimental Methods 

Materials 

Ascites-isolated SKOV-3 ovarian cancer cells were purchased from American 

Type Culture Collection (Manassas, VA) and cultured at 37° C in the presence of 5% 

CO2 in DMEM medium supplemented with 10% fetal bovine serum (FBS) and 

antibiotics (Mediatech Inc., Manassas, VA). HeyA8 cells were kindly gifted from Dr. 

Isaiah J. Fidler (The University of Texas M.D. Anderson Cancer Center, Houston, TX ) 

and cultured in RPMI medium supplemented with 10% FBS (Mediatech). Isolated on the 

ovary, OVCAR-3 were purchased from the American Type Culture Collection and 

cultured in RPMI supplemented with 10% FBS. INK-128 and temsirolimus were 

purchased from Cayman Chemical (Ann Arbor, MI). Lysophosphatidic acid (LPA, 18:1, 

1-oleoyl-2-hydroxy-sn-glycero-3-phosphate) was purchased from Avanti Polar Lipids, 

Inc. (Alabaster, AL) and reconstituted in 0.1% fatty acid free BSA immediately prior to 

use. 

 

Reverse Phase Protein Lysate Array 

SKOV3 cells were seeded into 6-well plates at 150,000 cells/well and incubated 

overnight prior to transfection with siRNA for 48 h. Cells were treated with LPA for the 

times indicated prior to 20 min incubation with occasional agitation on ice for lysis in 

150 µl of buffer (1% Triton X-100, 50mM HEPES, pH 7.4, 150mM NaCl, 1.5mM 

MgCl2, 1mM EGTA, 100mM NaF, 10mM Na pyrophosphate, 1mM Na3VO4, 10% 

glycerol, containing freshly added protease and phosphatase inhibitors from Roche 

Applied Science Cat. #04693116001 and 04906845001). Cells were then scraped and 
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collected in microcentrifuge tubes before centrifugation at 14,000 rpm for 10 min at 4°C, 

after which the supernatant was collected.  The BCA assay was used to determine protein 

concentration. Lysates were mixed with 4X SDS sample buffer and samples were boiled 

for 5 minutes and stored at -80°C. The reverse phase protein lysate array was performed 

as previously described (Liu et al , Tibes et al).   

 

Reducing RGS10 expression   

SKOV3 and HeyA8 ovarian cancer cells were plated in 6-well dishes at 120,000 

cells/well and 100,000 cells/well, respectively. The plated cells were incubated for 

approximately 18 h at 37°C in 5% CO2 and then transfected with siRNA using RISC-free 

(negative control ) and RGS10 Dharmacon SmartPools (Thermo Scientific, Pittsburg, 

PA), following manufacturer’s recommended protocol. In other experiments requiring 

transfection in a 96-well plate, 100 nM concentration of siRNA and 0.25 µL of 

Dharmafect 1 transfection reagent (Thermo Scientific) were used per well. Transfection 

medium was replaced with DMEM medium with 10% FBS after 8 h.  Transfected cells 

were incubated for another 30 h and all assays were performed approximately 48 h post-

transfection. In other experiments, stable cell lines were created with shGFP vector and 

shRNA for RGS10 in HeyA8 Parental cells using SureSilencing shRNA Plasmid for 

Human RGS10 (SABiosciences, Qiagen, Valencia, CA). HeyA8 cells were transfected 

with shRNA constructs using Fugene (Promega, Madison, WI) at a 3:1 plasmid to 

transfection reagent ratio.   
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Immunoblotting 

Transfected cells were incubated for an additional 24 h and then serum-starved 

overnight.  After 48 h post-transfection, specified conditions were treated with LPA (10 

μM) for 30 min.  The cells were lysed in buffer containing protease/phosphotase inhibitor 

cocktail (Cell Signaling Technology, Danvers, MA) and processed for SDS-PAGE.  After 

transferring the denatured proteins to nitrocellulose, blots were probed with primary 

antibodies for either phospho-mTOR (Ser2448) XP Rabbit mAb #5536, phospho-4E-BP1 

(Thr37/46) #2855, β-Actin (8H10D10) Mouse mAb #3700 (all from Cell Signaling 

Technology) or RGS10 #H-159 (Santa Cruz Biotechnology, Dallas, TX) overnight at 

4°C. Briefly, phospho-mTOR and phospho-4EBP1 were diluted 1:1000 in 5% w/v BSA 

in 1X TBS-T and incubated at 4°C overnight with constant gentle agitation. The 

following day blots were washed with TBS-T and probed with anti-rabbit HRP 

conjugated and anti-mouse HRP conjugated secondary antibodies (Amersham ECL 

detection kit, GE Health Life Sciences, Piscataway, NJ).  Secondary antibodies were 

diluted in either anti-rabbit 1:6000 or anti-mouse 1:10,000 in 2.5% milk TBS-T and 

incubated for approximately 90 min. Protein bands were quantified using Image J 

(National Institutes of Health, Bethesda, MD) and normalized to actin. 

 

Evaluation of RGS10 Expression 

RNA was collected from cells using TRIzol® Reagent ( Life Technologies, Gran 

Allen, NY) according to manufacturer’s protocol.  Afterward, RNA was quantified using 

a NanoDrop2000 Spectrophotometer (Thermo Scientific) and then reverse-transcribed 

into cDNA using  iScript™ cDNA Synthesis Kit (Bio-Rad, Hercules, CA).  Following 
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cDNA synthesis, the cDNA template was then used in a PCR reaction with primers for 

RGS10 and ImmoMix (Bioline USA Inc., Taunton, MA).  The following primers were 

used for RGS10 forward: 5´- AAC CGC ACC CTC TGA TGT TC -3´ and reverse: 5´- 

GGC TGT AGC TGT CGT ACT TCA -3´; β2-microglobulin forward: 5´- GTG GCC 

TTA GCT GTG CTC G -3´ and reverse: 5´- ACC TGA ATG CTG GAT AGC CTC -3´ 

based on algorithm-generated sequences from Primer Bank (Wang and Seed). To 

quantify PCR results and visualize peaks, the PCR products were then loaded into an 

Agilent DNA 1000 chip in gel-dye matrix and analyzed using the Agilent 2100 

Bioanalyzer System and software (Agilent Technologies, Santa Clara, CA), which 

automatically generated peaks. 

 

Rheb Activation Assay 

SKOV-3 cells were plated in 10 cm dishes at a density of approximately 400,000 

cells per dish and incubated overnight at 37°C.  The cells were transfected with siRGS10, 

siRISC-free, pcDNA, and RGS10 plasmid as indicated.  After 48 hours, the culture media 

was removed and cells were rinsed with ice-cold PBS and 1 mL of ice-cold lysis buffer 

containing protease and phosphatase inihibitors was added to each dish. Plates were 

placed on ice for 10-20 minutes with agitation every 5 min.  Lysates were cleared by 

centrifugation for 10 minutes at 12,000 x g at 4°C.  The protein supernatant was collected 

and stored at -80°C until quantified by BCA assay.  Cells were then treated following the 

manufacturer’s instructions from a RheB activation assay kit (NewEast Biosciences, 

Malvern, PA). Following standard protocol for electrophoresis, approximately, 20 

µL/well of the pull-down supernatant was loaded onto a polyacrylamide gel (17%) and 
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protein bands were resolved by immunoblotting on  a nitrocellulose membrane.  Proteins 

were detected by ELC using SuperSignal West Pico Chemiluminescent Substrate 

(Thermo Scientific). 

 

Immunofluorescence  

SKOV-3 cells were seeded in a 96-well plate at a density of 3,000 cells per well.  

After 24 h, cells were transfected with siRGS10 or siRISC (negative control) as 

indicated.  After 30 h, cells were treated with either temsirolimus or INK-128 for 

approximately 16 or 18 h, respectively, and then pulse treated with lysophosphatidic acid 

(LPA) for 30 min at a concentration of 10 µM per well.  After pulse treatment with LPA, 

cells were fixed with 50 µL of 3.7% formaldehyde in PBS for 15 min.  The cells were 

then washed once with 50 µL of PBS and permeabilized with 50 µL of 0.1% Triton X-

100 in PBS for 15 min.  After permeabilization, cells were washed twice with 50 µL PBS 

prior to exposure to 50 µL of the Whole Cell Stain Solution (Thermo Scientific, 

Rockford, IL) for 1 h in the dark at room temperature.  Subsequently, cells were washed 

twice with 50 µL of PBS and then treated with 50 µL of DAPI in PBS (1:2000) for 20 

min. After 20 min, DAPI was aspirated, 50 µL of PBS was added to each well, and the 

plate was sealed for high-throughput scanning using the Cellomics ArrayScan VTI High 

Content Analysis Reader (Thermo Fisher Scientific, Waltham, MA).   

 

Quantification of Cell Size and Number 

Plates were analyzed using images taken by the Cellomics ArrayScan (Thermo 

Fisher).  Each condition had at least three replicates, and ≥5 fields were analyzed per well 
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using high content screening analysis software. The automated software determined the 

average cell colony perimeter and the number of valid cells per well.  The collected 

results of cell size were graphed with GraphPad Prism (LaJolla, CA) and normalized to 

each untreated condition. The assessment of cell count was measured as previously 

described (Jia et al). 

 

Assessment of Active Cell Proliferation 

Approximately 4,000 HeyA8 and 5,000 SKOV-3 cells were plated into 96-well 

plates in the presence of 10% fetal bovine serum.  The plated cells were incubated for 18 

h at 37°C in 5% CO2 and then transfected with siRNA for RISC or RGS10.  Transfected 

cells were incubated for an additional 24 h prior to treatment with etoposide, nacodazole, 

aphidicolin, paclitaxel or BrdU, where indicated. For the BrdU treatment, cells were 

pulse treated for 1 h with a BrdU analog, whereas all other conditions were treated with 

drugs for approximately 4 h. Cells were then stained according to the protocol provided 

by the manufacturer (Millipore, Billerica, MA). Plates were scanned using Cellomics 

ArrayScan (Thermo Fisher) and the number of cells was automatically captured.  

Representative images are shown.  Each condition had 6 replications and 8 fields per well 

were analyzed using high content scanning software. The data was retrieved from the 

manufacturer’s software and results were plotted with GraphPad Prism.  

 

Evaluation of Nascent Protein Synthesis 

Approximately 4,000 HeyA8 and 5,000 SKOV-3 cells were plated into 96-well 

plates with methionine-free medium for 18 h prior to siRNA transfection and another 24 



 

69 

h incubation. The Click-iT® AHA Alexa Fluor® 488 Protein Synthesis HCS Assay Kit 

(Life Technologies, Grand Allen, NY) was used as a method for the detection of nascent 

protein synthesis utilizing fluorescence microscopy and high-content imaging. 

Essentially, an amino acid analog of methionine containing an azido moiety, which is 

similar to 35S-methionine but not radioactive, is fed to cultured cells in 96-well plates. 

We incorporated this in serum-free, methionine-free medium in the presence of 

temsirolimus (10µM) and incubated cells overnight for approximately 16 h.  The 

following day, approximately 48 h post-transfection, cells were treated with LPA (10µM) 

for 30 min or left untreated. Nascent proteins were detected with the green-fluorescent 

Alexa Fluor® 488 alkyne and imaged using the Cellomics ArrayScan. Data is presented 

as a bar graph. 

 

Statistics 

The statistical differences were analyzed using an analysis of variance (ANOVA) 

test, followed by Bonferroni’s multiple comparison test between groups using GraphPad 

Prism. When comparing only two groups, the Student’s t-test was used. Where it is 

indicated in the figures, *p < 0.05 **p < 0.01 and ***p < 0.001 indicate the levels of 

significance.  Mean and error bars are ± SEM. 

 

 

 

 

 



 

70 

Results 

During our studies to understand the role of RGS10 in ovarian cancer 

chemoresistance, we sought to determine which specific signaling pathways are altered as 

a consequence of RGS10 suppression. Elucidating this molecular mechanism would then 

provide clues into how targeting could be accomplished to aid the reversal of 

chemoresistance. To commence our investigation, cells were starved of serum overnight 

and then stimulated with lysophosphatidic acid (LPA) prior to the detection of 4E-BP1 

phosphorylation (Kam and Exton). We then treated SKOV-3 ovarian cancer cells with 

siRNA to knockdown the expression of RGS10 and achieved a reduction >90% (Figure 

3.1A) prior to measuring the samples for protein phosphorylation. We used a 

combination approach employing both classical immunoblotting and high-throughput 

reverse phase protein lysate array (RPPA, Supplemental Figure 3.1 in Appendix) to 

present our results. RPPA detected inconclusive fluctuations in total 4E-BP1 (Figure 

3.1B), but also consistent and significant increases in 4E-BP1 phosphorylation on 

Threonine 37/46 (Figure 3.1C) and variable phosphorylation of mTOR on Serine 2448 

(Figure 3.1D) after RGS10 suppression, without LPA treatment.  Immunoblotting 

experiments confirmed that knockdown of RGS10 results in significant 4E-BP1 

phosphorylation (Figure 3.2A and B) with little change in the total protein (Figure 3.3A 

and B), again without agonist stimulation.  Quantification of these results yielded a very 

substantial difference in the ratio of phosphorylated/total 4E-BP1 between groups in the 

absence of LPA by siRGS10 at time 0, whereas LPA agonist stimulation alters the effect 

(Figure 3.2C).  The phosphorylation of 4E-BP1 (Thr 37/46) after knockdown 
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Figure 3.1.  Reverse phase protein lysate array (RPPA) in LPA treated SKOV3 cells. 

SKOV-3 cells were transfected with siRGS10 and analyzed for their reduction in RGS10 

or RGS17 mRNA (A). Reverse phase protein lysate array (RPPA) was performed on 

SKOV-3 cells treated with lysophosphatidic acid (LPA) for the times indicated to 

determine alterations in protein phosphorylation, compared with siRISC controls (B). The 

samples are median centered and arranged in order of their submission and demonstrate 

unpredictable variations in total 4E-BP1 (B), and intriguing differences in phospho-4E-

BP1 at Thr37/46 (C) and phospho-mTOR at Ser2448 (D). 
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of RGS10 was confirmed using another ovarian cancer cell line (Figure 3.4A and B).  

Because ovarian cancer cells may have reduced expression of RGS10 in comparison to 

cells derived from a normal ovary (Ali et al , Hooks et al), we verified that RGS10 was 

indeed present among these cell lines and can be suppressed by siRNA transfection 

(Figure 3.5 and 3.6). 

Since 4E-BP1 is usually phosphorylated by the mTORC1 complex, we next 

evaluated mTOR activation to verify the source. Indeed, knockdown of RGS10 in the 

absence of an inhibitor also elicited phosphorylation of mTOR on Serine 2448 (Figure 

3.7A and B).  Interestingly, LPA stimulation (10 μM) for 10 and 30 min also induced the 

phosphorylation of mTOR, even in the presence of temsirolimus (10 μM), an inhibitor of 

mTOR kinase activity that binds to the FKBP12-rapamycin binding domain (FRB) 

(Figure 3.7C) (Shor et al).  This suggests that the LPA-mediated phosphorylation of 

mTOR bypasses the inhibition by temsirolimus, possibly stemming from a different 

signaling circuit (i.e. ERK1/2 phosphorylation).  Although temsirolimus reduces the 

activation of mTOR under these conditions, it does not abolish the downstream 

phosphorylation of 4E-BP1 (Figure 3.8.A and B), it merely reduces the activation.  
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Figure 3.2.  Immunoblot analysis confirms  RPPA detection of phospho-4E-BP1.  

(A) Representative western blot at phosphorylated Thr37/46 in SKOV-3 cells.  (B) Bands 

were quantified using Image J, densitometry is shown for N=2 independent experiments, 

p>0.5, ns.  (C) The ratio of immunoblot quantification of bands representing phospho-4E-

BP1 over total 4E-BP1 shows a large increase by siRGS10 at time 0, without LPA 

treatment, LPA agonist stimulation alters the effect. 
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Figure 3.3.  Immunoblot analysis confirms RPPA detection of Total 4E-BP.   

(A) Representative western blot probed for total 4E-BP in SKOV-3 cells. (B) Bands were 

quantified using Image J, densitometry is shown for N=2 independent experiments, 

p>0.5, ns.  
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Figure 3.4. Immunoblot experiment results confirm phospho-4E-BP1 in HeyA8 

Parental cells.   (A) Hey-A8 cells display an increase in phospho-4E-BP1 at Thr37/46 

after suppression of RGS10, in comparison to siRISC (negative control) cells, this is 

augmented by LPA stimulation.   (B) Bands were quantified using Image J, densitometry 

is shown for N=2 independent experiments. *:  p< 0.05. 

 

 

 

 

 

 

 

 

 

 

 

 



 

76 

 
 

 

Figure 3.5.  Electropherogram mRNA peaks for RGS10 in SKOV-3 and HeyA8 

ovarian cancer cells.   SKOV3 lysates were collected for mRNA and subsequent cDNA 

and analyzed with primers for beta-microglobulin (β-63) (A) and RGS10 (B) primers.  

HeyA8 Parental lysates with stable shGFP expression were collected for mRNA and 

subsequent cDNA and analyzed with primers for β-63 (C) and RGS10 (D) primers.   

Lysates were collected 48 h post transfection. 
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Figure 3.6.  Immunoblot analysis of RGS10 expression in HeyA8 and OVCAR-3 

cells.  Immunoblotting verifies that HeyA8 and OVCAR3 cells transiently transfected 

with  siRNA for RISC-free (negative control) and RGS10 express RGS10 and 

knockdown is successful in these cell lines.  Lysates were collected 48 h post 

transfection. 
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Figure 3.7. Phosphorylation of mTOR is mediated by RGS10 reduction in SKOV-3 

cells.  (A) SKOV-3 cells were transfected with either siRISC or siRGS10 and treated 

with or without lysophosphatidic acid (LPA, 10 μM) for the times indicated either in the 

presence or absence of temsirolimus (10 μM) for ~16 h.  (B) Lysate was probed for 

phospho-mTOR at Ser-2448 and densitometry is shown for N=1 experiment.  (C) 

Densitometry for SKOV-3 cell transfected with siRNA and treated with LPA for the 

times indicated in the presence of temsirolimus , probed for phospho-mTOR at Ser-2448, 

N=2 independent experiments, p>0.05, ns. 
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Since this is a known limitation of temsirolimus, we also treated the ovarian cancer 

cells with INK128, which is an mTOR ATP-competitive inhibitor, thus it also blocks 

mTORC2 and 4E-BP1 phosphorylation  (Guo and Kwiatkowski).  Treating ovarian 

cancer cells with INK128 reduced mTOR (Ser2448) phosphorylation and completely 

abolished 4E-BP1 (Thr 37/46) phosphorylation in all conditions (Figure 3.5.A-F). Of 

note is that the levels of mTOR (Ser2448) phosphorylation between the control (siRISC) 

and knockdown of RGS10 (siRGS10) in HeyA8 cells (Figure 3.5.D) are equivalent in 

the presence of INK128 with and without LPA treatment. This is interesting because 

mTOR (Ser2448) phosphorylation by LPA is usually 1-3 fold higher after suppression of 

RGS10, but that significant difference is lost in the presence of INK128.  

In order to pinpoint how the absence of RGS10 was able to influence the 

phosphorylation of mTOR and 4E-BP1 independent of agonist stimulation, we assessed 

direct regulators of mTOR signaling. Interestingly, when RGS10 is suppressed, activated 

RheB bound to GTP is increased in comparison to control, siRISC conditions (Figure 

3.6A, B). We therefore needed to confirm whether these proteins were associating and 

thus performed immunoprecipitation experiments with modulation in RGS10 expression. 

In the absence of RGS10, RheB is reduced (Figure 3.6C) but in the presence of enforced 

RGS10 expression, the interaction increases (Figure 3.6D). This data indicates that 

RGS10 influences mTOR signaling through its effects on Rheb.  Moreover, it also 

explains how the absence in RGS10 could elicit mTOR phosphorylation. 
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Figure 3.8.  Phosphorylation of 4E-BP1 is mediated by RGS10 reduction in SKOV-3 

cells.   (A) SKOV-3 cells were transfected with either siRISC or siRGS10 and treated 

with or without lysophosphatidic acid (LPA, 10 μM) for the times indicated in the 

presence of absence of temsirolimus (10 μM) for ~16 h.  Lysate was probed for phospho-

4E-BP-1 at Thr37/46 (B) and the bands were quantified using Image J.  Representative 

blot for N=2 independent experiments, p>0.05, ns.  
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Figure 3.9.  INK-128 an mTOR inhibitor impedes phosphorylation in HeyA8 cells. 

(A) HeyA8 cells were transfected with either siRISC or siRGS10 and treated with or 

without LPA (10 μM) for the times indicated in the presence or absence of INK128 (10 

μM) for ~18 h prior to the detection of phosphorylated 4E-BP1 and mTOR.  Protein 

bands were quantified using Image J to represent (B) phospho-4E-BP-1 or (C) phospho-

mTOR, N=1 experiment. 
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Figure 3.10.  INK-128 an mTOR inhibitor impedes phosphorylation in OVCAR-3 

cells.  (A) OVCAR-3 cells were transfected with either siRISC or siRGS10 and treated 

with or without LPA (10 μM) for the times indicated in the presence or absence of 

INK128 (10 μM) for ~18 h prior to the detection of phosphorylated mTOR and 4E-BP1.  

Protein bands were quantified using Image J to represent (B) phospho-4E-BP-1 or (C) 

phospho-mTOR, N=1 experiment. 
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Figure 3.11. Modulating RGS10 affects activated RheB in SKOV-3 cells.
 

(A) SKOV-3 cells were treated with either siRISC or siRGS10 prior to 

immunoprecipitation with an anti-active RheB monoclonal antibody and immunoblotting 

with anti-RheB rabbit polyclonal antibody, anti-RGS10 or Beta-actin.  Representative 

blot is shown for N=2 independent experiments, p>0.05, ns. (B) Cells were treated as 

above, but GTPγS and GDP were added to the cell extracts in vitro and incubated for 30 

minutes prior to the pull-down of active RheB, N=1 experiment. 

 

 

 

 

 



 

84 

 
 

 

 

 

Figure 3.12.  Co-immunoprecipitation with RGS10 and Rheb shows co-localization.  
SKOV-3 cells were transiently transfected with siRISC, siRGS10, pcDNA or RGS10 

prior to immunoprecipitation with anti-RGS10 goal polyclonal antibody and blotted with 

anti-RheB rabbit polyclonal antibody.  (A) SKOV-3 cells were treated with either siRISC 

or siRGS10, and blotted for anti-Rheb.  Representative blot from N=2 independent 

experiments, densitometry from Image J analysis, p>0.05, ns. (B) SKOV-3 cells were 

treated with either pcDNA or siRGS10, and blotted for anti-Rheb.  Representative blot 

from N=2 independent experiments, densitometry from Image J analysis, p>0.05, ns. 
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To assess the functional outcome of RGS10 suppression, we used high-throughput 

imaging and automated quantification to accurately measure both nascent protein 

synthesis and cell growth because of the role mTOR plays in regulating these cellular 

processes. Indeed, RGS10 suppression enlarges SKOV-3 (Figure 3.13A) and HeyA8 

cells (Figure 3.14) and the area is further increased upon stimulation with LPA and 

decreased upon treatment with temsirolimus.  These observations are reflected in the cell 

morphology whereby visibly swollen cells appear after knockdown of siRGS10 and/or 

the addition of LPA. In contrast, after treatment with temsirolimus the cells appear longer 

and thinner, resembling a ‘stretched’ morphology (Figure 3.13C).  

Nascent protein is significantly increased by LPA stimulation in control cells 

(siRISC), which are likely to be more ‘receptive’ to a sudden ‘on’ stimulation. 

Interestingly, this trend is reversed once temsirolimus has been added (Figure 3.13B). 

After temsirolimus addition, only those cells with RGS10 suppression are receptive to 

nascent protein synthesis.  This suggests that RGS10 suppression is capable of bypassing 

the inhibition of protein synthesis because its effects (i.e. Rheb) are on a different 

mechanism from temsirolimus inhibition (FKBP12). In other words, it is consistent with 

our data. 

Usually cells will couple growth to proliferation, the former being preparation for 

the latter event. Even though these processes are not necessarily synchronized in cancer 

cells, we wanted to determine whether cells were more or less proliferative in response to 

RGS10 suppression and mTOR inhibition. SKOV-3 cells did not increase their rate of 

proliferation after RGS10 suppression (Figure 3.15A and B), although they became 

hypersensitive to toxicity induced by INK128 (Figure 3.15B), which is an ATP-
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competitive mTOR inhibitor.  Again, this observation strongly suggests mTOR activation 

by RGS10 suppression. 

The data in SKOV-3 cells was in sharp contrast to HeyA8 cells, which exhibited 

significantly more proliferation after RGS10 suppression (Figure 3.16A). We confirmed 

that this was active cell proliferation by demonstrating BrdU incorporation into HeyA8 

cells with knockdown of RGS10 (Figure 3.16B). We constructed a stable HeyA8 cell 

line expressing either shRGS10 or shGFP and compared the proliferation in response to 

chemotherapy. Interestingly, shRGS10-expressing cells displayed a significantly greater 

number of cells in the presence of etoposide and aphidicolin, but not nocodazole or 

paclitaxel (Figure 3.16C), suggesting that the suppression of RGS10 endows HeyA8 

cells with a proliferative advantage in the presence of certain chemotherapy. As a 

consequence, the loss of RGS10 could translate into the acquisition of chemoresistance as 

we have previously suggested (Hooks et al).  

Active proliferation was not observed in SKOV-3 cells (Figure 3.17A and B), 

suggesting that the suppression of RGS10 has cell-type specific effects on proliferation. It 

also reaffirms that certain ovarian cancer cells have uncoupled the processes of growth 

from proliferation – these are not necessarily synchronized, in contrast with normal cells. 

Moreover, it entertains the fascinating possibility that SKOV-3 cells could become 

chemoresistant with the loss of RGS10 by virtue of their failure to rapidly proliferate; the 

action of traditional chemotherapy depends on rapidly-dividing cells. Albeit this could be 

a different mechanism occurring in the SKOV-3 cells versus the HeyA8 cells, however, 

the outcome of RGS10 suppression on chemoresistance is the same.  
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Study limitations 

A limitation of this current study is that we choose specific 

proteins/phosphorylation sites based on or RPPA proteomics data.  Phosphorylation 

proteomics data is also subject to the labile nature of phosphorylated-proteins overtime.  

Additionally, analysis of total mTOR and the 4E-BP1 phosphorylation site (pSer65), 

would give a more detailed pathway elucidation.  Also, our results from the IP assays are 

in duplicate N=2 experiments.  The experiment with siRGS10 IP with RGS10 antibody 

and blotted with anti-Rheb, p=0.0571 and may have reached significance if there were 

more samples measured.  Ideally, one strives to repeat experiments at least in triplicate.  

Notably, it is very important to the validity of an experiment to have accurate controls 

(i.e. loading control, positive, as well as negative controls).  In our studies, we are 

currently lacking pull-down IP experiments that show the effects of a non-specific RGS 

protein (i.e. RGS20 siRNA).  For example, RGS20 is not thought to be involved in the 

development of chemoresistance in ovarian cancer.  With the immunoprecipitation (IP) of 

RGS10, we were limited by lack of knowledge about our RGS10 antibody’s suitability 

for IP.   There are a few studies that have successfully used the same RGS10 antibody for 

IP, but the methods are lacking full details of the experiment (Rivero et al 2010).  Thus, 

we optimized the RGS10 antibody for co-IP in ovarian cancer cells in our laboratory. 
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Figure 3.13.  Reducing the expression of RGS10 enlarges ovarian cancer cells via the 

mTOR pathway. SKOV-3 cells were transfected with either siRISC or siRGS10, treated 

with or without lysophosphatidic acid (LPA, 30 min, 10 μM)  in the presence or absence 

of temsirolimus (10 μM, ~16 h) where indicated. Cells were prepared for 

immunofluorescence and scanned using high-throughput automation to calculate cell 

size. (A)  Data shows the average from 62-146 different fields per condition from a series 

of N=2 independent experiments and is normalized to each untreated condition (i.e. 

siRISC-white bars or siRGS10-shaded bars). (B) The average fluorescent intensity of 

nascent protein synthesis among SKOV-3 cells was automatically measured. Bar graph 

results show a representative experiment with n>14 fields measured. ***p<0.001, 

**p<0.01 in the comparisons as indicated. (C) Representative images of SKOV-3 cells 

under the indicated conditions show the variations in cell morphology.  
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Figure 3.14. Reducing the expression of RGS10 has marginal effects on cell size in 

HeyA8 parental cells. HeyA8 cells were transfected with either siRISC or siRGS10, 

treated with lysophosphatidic acid (LPA, 30 min, 10 μM)  or temsirolimus (10 μM, ~16 

h) where indicated. Cells were prepared for immunofluorescence and scanned using high-

throughput automation to calculate cell size. (A) Data shows the average from 62-146 

different fields per condition from a series of N=2 independent experiments and is 

normalized to each untreated condition (i.e. siRISC-white bars or siRGS10-shaded bars). 

(B) Representative images of HeyA8 parental cells under the indicated conditions show 

dense cells.
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Figure 13.15. The effects of RGS10 reduction is modulated by the selective mTOR 

inhibitor INK-128 in SKOV-3 cells.  (A) SKOV-3 cells were transfected with either 

siRISC or siRGS10 and treated with INK128 (5 μM, ~18 h) prior to preparation for 

immunofluorescence. Representative images are shown. (B) Cells were automatically 

counted by the high-throughput imager and results were quantified and the average 

number of cells per field (n>15) is displayed as a bar graph for N=2 independent 

experiments. 
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Figure 13.16.  Reducing the expression of RGS10 affects proliferation in HeyA8 parental 

cells. (A) HeyA8 cells with either siRISC or siRGS10 and treated with TEM, 10 μM ~16 h or 

LPA, 10 μM, 30 min prior to processing for high-throughput imagin. N=2 independent 

experiments (n=14-18 number of fields). (B) HeyA8 cells were pulse-treated for one hour with a 

BrdU analog. Cells were fixed and then stained with DAPI and an anti-BrdU antibody prior to 

imaging.  Fluorescent images of HeyA8 cells visualize the difference between active proliferation 

among control cells and suppression of RGS10. (C) In other experiments, shGFP or shRGS10 

stably-expressing HeyA8 cells were treated with different drugs or a BrdU analog prior to 

fixation, immunofluorescence staining and automatic cell counting. 
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Figure 3.17.  Reducing the expression of RGS10 doesn’t affect proliferation in 

SKOV-3 cells. (A) SKOV-3 cells were transfected with either siRISC or siRGS10 and 

treated with TEM or LPA where indicated. No significant changes were detected after 

automated cell counts using high-throughput imaging. (B) SKOV-3 cells were pulse-

treated for one hour with a BrdU analog. Cells were fixed and then stained with DAPI 

and an anti-BrdU antibody prior to high-throughput imaging.  
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Discussion 

Herein we show that reducing RGS10 in ovarian cancer cells results in mTOR 

signaling activation. More specifically, the suppression of RGS10 leads to an increase in 

activated RheB bound to GTP, which causes phosphorylation of mTOR. Indeed, we show 

that RGS10 knockdown increases the phosphorylation of 4E-BP1 and mTOR.  As a 

functional consequence of RGS10 suppression, ovarian cancer cells increase in size and 

this effect is inhibited in the presence of chemical inhibitors of mTOR. Nascent protein 

synthesis is modestly affected and cell proliferation appears to be cell-type dependent.  

Our results are highly novel and significant; no reports in the literature to date have 

proposed that RGS10 is an effector antagonist of the mTOR signaling pathway.  Nor has 

any report characterized the functional outcomes in cancer cells resultant from RGS10 

suppression (e.g. cell enlargement, nascent protein synthesis, etc.).  Thus, our study fills a 

major gap in our understanding of how mTOR signaling is regulated and the role of 

RGS10. 

This knowledge is important because the mTOR signaling pathway remains a 

crucial and often functionally dysregulated among cancer cells, especially since it is 

linked to PI3K signaling. The PI3K/mTOR pathway is critical because it regulates the 

cell’s decision to grow, survive and proliferate, which are all at the heart of establishing 

the difference between a normal and a cancerous cell.  Our prior studies are the only 

other reports found in the literature that describe the role of RGS10 in ovarian cancer 

cells (Ali et al , Hooks et al). In this regard, we previously found that the suppression of 

RGS10 is acquired through epigenetic changes (Ali et al) as chemoresistance develops, 
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which allows ovarian cancer cells to survive significantly higher doses of chemotherapy 

than usual (Hooks et al).    

Herein we have uncovered the specific molecular mechanism that explains these 

prior observations.  However, there has not been any focus on RGS10 modulation in 

cancer because its role was previously completely unknown.  Its structure is so basic that 

it yields no clues to its function, which we now understand is related to Rheb activation 

as depicted in Figure 3.18.  Because the PI3K/mTOR pathway is frequently dysregulated 

in cancer, it represents an enormous focus of targeted inhibition. Currently there are 

several FDA-approved therapeutics, everolimus and temsirolimus, which inhibit mTOR 

and are used in the clinical management of cancer patients, particularly for renal cell 

carcinoma. These agents owe their existence to the soil bacteria living on Easter Island 

where their parent compound, rapamycin or sirolimus, was discovered (Vezina et al).  

Other similar agents are under development, although there have been issues with safety 

and a lack of overall survival advantage, which are major concerns preventing further 

development and FDA approval. 

The obvious connection between our current study and our previous work is the 

idea of using mTOR inhibition as a mechanism to alleviate chemoresistance in ovarian 

cancer. Indeed, other studies have already shown that mTOR inhibition represents a 

strategy to overcome chemoresistance in a variety of different types of cancers (Beeram 

et al , Grunwald et al , Lu et al , Schewe and Aguirre-Ghiso , Tsurutani et al), especially 

with combination therapy, which is the mainstay of treating almost every cancer type. 

This also insinuates that our results could be adaptable to other subtypes of cancer, 
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beyond our focus herein on ovarian cancer cells.  Among ovarian tumors, serous 

epithelial ovarian adenocarcinoma  

frequently displays enhanced mTOR phosphorylation; additionally, this occurs 

particularly among cisplatin-resistant ovarian cancer cells, in comparison to their 

matched parental cisplatin-sensitive control cells, which also translates to a greater 

sensitivity to mTOR inhibition (Mabuchi et al).  This study, although not focused on 

RGS10, is nevertheless directly aligned with our findings and interpretation of results and 

observations. 

In order to directly test this theory in vivo, a tumor model with controlled 

suppression of RGS10 is necessary. Our repeated attempts to maintain such a model 

long-term were thwarted by the inability to continuously passage cells with suppressed 

RGS10.  We observed that cells quickly regain RGS10 expression, time after time, even 

though we can successfully manipulate the expression of other RGS proteins ((Altman et 

al) and data not shown). However, since we hypothesize that the net effect of this model 

would be the continual activation of Rheb, similar work has already been produced (Jiang 

and Vogt). In this study, Jiang and Vogt describe a constitutively active Rheb that 

phosphorylates 4E-BP1, produces larger cells with more protein and generally induces 

oncogenic transformation. 

It is fascinating that no agonist is needed by ovarian cancer cells to achieve 

phosphorylated mTOR and 4E-BP1 if they allow the suppression of one small GAP 

protein – RGS10. The implication of our findings with tumor biology is that the loss of 

RGS10 would have drastically negative consequences on a cell, particularly one without 

a properly functioning TSC1/TSC2 complex.  Molecularly, there would be a loss in the 
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ability to regulate Rheb activity.  Future studies will need to test this hypothesis and 

determine whether additional regulator molecules and/or effector antagonists are also 

present and compensate for aberrant signaling.  The answers to these questions are 

currently unknown. 
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Figure 3.18.  Our model for RGS10 involvement with Rheb and mTOR pathway 

activation. 
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CHAPTER 4 

 

REGULATOR OF G-PROTEIN SIGNALING 5 REDUCES HEYA8 OVARIAN 

CANCER CELL PROLIFERATION AND EXTENDS SURVIVAL IN A MURINE 

TUMOR MODEL
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Abstract 
 

The regulator of G-protein signaling 5 (RGS5) belongs to a family of GTPase 

activators that terminate signaling cascades initiated by extracellular mediators and G 

protein-coupled receptors. RGS5 has an interesting dual biological role. One functional 

RGS5 role is as a pericyte biomarker influencing the switch to angiogenesis during 

malignant progression. Its other functional role is to promote apoptosis in hypoxic 

environments. We set out to clarify the extent to which RGS5 expression regulates tumor 

progression – whether it plays a pathogenic or protective role in ovarian tumor biology. 

We thus constructed an inducible gene expression system to achieve RGS5 expression in 

HeyA8-MDR ovarian cancer cells. Through this we observed that inducible RGS5 

expression significantly reduces in vitro BrdU-positive HeyA8-MDR cells, although this 

did not correlate with a reduction in tumor volume observed using an in vivo mouse 

model of ovarian cancer. Interestingly, mice bearing RGS5-expressing tumors 

demonstrated an increase in survival compared with controls, which might be attributed 

to the vast regions of necrosis observed by pathological examination. Additionally, mice 

bearing RGS5-expressing tumors were less likely to have ulcerated tumors. Taken 

together, this data supports the idea that temporal expression and stabilization of RGS5 

could be a valuable tactic within the context of a multi-component approach for 

modulating tumor progression. 
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Introduction 

The regulator of G-protein signaling 5 (RGS5) belongs to a family of GTPase 

activators and signal transduction molecules that negatively regulate the function of G 

proteins. In other words, RGS proteins terminate cellular signaling cascades initiated by 

extracellular mediators that bind to and activate G protein-coupled receptors. More 

specifically, RGS5 binds to G alpha (i), (q) and (o) subunits within heterotrimeric G-

proteins to terminate signaling and is located along the plasma membrane and within the 

cytosol (Zhou et al). RGS5 was isolated in 1997 from mouse pituitary, although its 

preferential expression is in the heart (particularly aorta), skeletal muscle, lung, small 

intestine and thyroid (Chen et al , Seki et al).  Rgs5  is located at 1q23.1, a region on 

chromosome 1 of interest for lipid metabolism (Xiao et al), hypertension (Chang et al , 

Faruque et al), blood pressure regulation (Cho et al), severity of schizophrenia symptoms 

(Campbell et al) and association with SNPs that have specific effects dependent upon 

genetic background (Smith et al).  

Using a platelet-derived growth factor knockout mouse model and comparing it to 

the gene expression of wild-type mice, Bondjers et al. was the first to identify RGS5 as a 

biomarker of pericytes (Bondjers et al), cells that wrap around the walls of capillaries. 

Pericytes are thus involved in the regulation of blood flow and the transformation of new 

blood vessels. Berger et al. verified that RGS5 is an angiogenic pericyte marker and a 

component involved in the switch to angiogenesis during malignant progression (Berger 

et al), with context-specific expression (i.e. during wound healing).  Mitchell et al. 

confirmed that the expression of RGS5 is temporally upregulated during pathological 
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angiogenesis, at approximately 5-6 days after corneal scraping, a period when the nascent 

vessel sprouts acquire their pericyte covering (Mitchell et al). 

Looking more broadly at the gene expression of RGS5 in malignant tumors 

produces mixed results. Nearly an equivalent number of microarray expression 

experiments archived in the European Bioinformatics Institute Atlas report that the gene 

is over-expressed or under-expressed. The interpretation of  these mixed results portrays 

a complex association within intratumor heterogeneity, where gene expression is highly 

dependent on location (Gerlinger et al) and in the specific example of RGS5, also on 

several other factors, including hypoxia and vascular remodeling. 

However, other reports offer more clearly defined explanations. For example, a 

study by Silini et al. showed a low level (<1%) of RGS5 fluorescence covered the normal 

ovary whereas RGS5 increased to 7.3% coverage in ovarian carcinoma specimens from 

patient biopsies. Furthermore, the staining pattern of RGS5 coincided with vessel-like 

structures, which is suggestive of a biomarker for cancer vasculature and consistent with 

RGS5 expression predominantly resulting from the vascular endothelium of carcinoma. 

(Silini et al) Therefore, RGS5 levels could be expected to vary according to the extent 

and stage of tumor vascularization, perhaps explaining the gene expression variability for 

RGS5 among single biopsies specimens. 

Not surprisingly given its association with the vasculature, RGS5 is also 

significantly affected by hypoxia, which is a response initiated by cells in low-oxygen 

environments that would otherwise succumb to toxic anoxia and cell death. Cancer cells 

in solid tumors are notorious for adapting to hypoxic environments by downregulating 

mitochondrial function (Papandreou et al 2006) and shifting to aerobic glycolysis 
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(Warburg 1956). Interestingly, Jin et al. showed that endothelial cells exposed to a 

hypoxic environment (<1% oxygen) display an increase in both mRNA and protein 

expression of RGS5 beginning at 30 min after exposure and tapering off around 24 hours. 

Furthermore, they identified RGS5 as a hypoxia-inducible gene that stimulates apoptosis 

and is regulated by the alpha subunit hypoxia-inducible factor-1 (HIF-1α) (Jin et al). The 

HIF-1 heterodimeric transcription factor is an important regulator of angiogenesis 

because it causes the expression of numerous target genes (VEGF, PDGF, TGF-α, PDK1, 

COX4I2 etc.) which are involved in neovascularization, erythropoiesis, glucose transport 

and energy metabolism (Weinberg). Over-expression of VEGF and HIF-1α has been 

associated with a poor prognosis in ovarian cancer and breast cancer patients (Weis and 

Cheresh 2005).   

Further studies using an RGS5-deficient RIP1-Tag5 transgenic mouse model 

demonstrated an increased rate of tumorigenesis and reduction in the overall survival of 

mice through the development of a normalized network of blood vessels, decreased 

hypoxia and reduced vessel permeability (Hamzah et al , Manzur et al , Manzur et al). 

Interestingly, Hamzah, et al. also reported that RGS5 is “a master gene responsible for 

the abnormal tumor vascular morphology in mice” (Hamzah et al).  We thus questioned 

whether the inducible expression of RGS5 in a tumor model of ovarian cancer might 

counter the effects observed in knockout mice and support a longer period of survival in 

vivo. Since the role of angiogenesis inhibitors are somewhat controversial (see discussion 

for more details), such a study may also clarify the extent to which RGS5 expression 

regulates tumor progression, perhaps via altered vascularization. Herein we observed an 

increase in the survival time in mice bearing tumors with RGS5 expression coupled with 
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increased areas of necrosis and a reduction in tumor ulceration. The control animals with 

tumors expressing the vector alone displayed more malignant cells within tumors and 

more had ulcerated tumors. Although all animals eventually succumb to disease, these 

studies are suggestive that RGS5 expression reduces malignancy in tumors, thus 

increasing survival time, and this is independent of its role in vascular normalization and 

remodeling. 

 

Experimental Methods 

Materials 

HeyA8-MDR taxane-resistant line of cells were previously described (Hooks et 

al) and are maintained in RPMI 1640 medium (Mediatech, Inc., Manassas, VA.) 

supplemented with 300 ng/mL paclitaxel (Sigma-Aldrich, St. Louis, MO) with 15% fetal 

bovine serum (PAA Laboratories, Inc., Etobicoke Ontario, Canada). Approved fetal 

bovine serum (Clontech Inc., Mountain View, CA) was used in the medium for the pTet 

Dual RGS5-modified HeyA8-MDR cells. Doxycycline Hyclate for suppressed gene 

expression in the Tet-Off system  (Sigma-Aldrich, St. Louis, MO).  The compounds 

nocodazole, BrdU, etoposide, and aphidicolin were purchased Assay Kit from Millipore 

(Billerica, MA). 

 

Construction of an inducible RGS5 cell line 

The Tet-Off® Advanced Inducible gene expression system (Clontech) was used 

to create the RGS5-inducible HeyA8-MDR cell line. The pTRE-Tight dual RGS5-

expressing DNA plasmid was constructed by standard restriction enzyme cloning to 
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insert an HA-tagged RGS5 coding sequence cassette (Missouri S&T cDNA Resource 

Center, Rolla, MO) into the pTRE-Tight Dual vector using the restriction enzymes XbaI 

and NheI. The constructs were verified by DNA sequencing using specific primers that 

were designed to recognize the N’-terminus of our Advanced Vector promoter. In order 

to create the doxycycline inducible cell line, 2.5×10
5
 HeyA8-MDR cells were plated in a 

6-well dish and transfected at a 1:5 ratio (plasmid DNA:Lipofectamine 2000, Life 

Technologies, Grand Island, NY) with pTet Advanced inducible vector plasmid DNA. 

Positive clones were selected using G418 (Geneticin
®
, Life Technologies). These stable 

cells were then co-transfected with pTRE-Tight, Dual HA-RGS5 containing plasmid 

DNA and the linear hygromycin marker to enable selection with hygromycin. Positive 

clones were maintained in paclitaxel, G418, doxycycline and hygromycin.  

Gene expression was verified in HeyA8-MDR pTet dual HA-tagged RGS5-

inducible cells by seeding the cells in a multiple 6-well plates in medium with 

tetracycline-free fetal bovine serum without doxycycline for 24, 48 and 72 hours. Cells 

were harvested at the indicated time points, the RNA was isolated and processed for 

qRT-PCR using primers to detect RGS5 expression (amplicon size: 153 bp) resulting 

from the Tet-Off Advanced inducible system. The following primers were selected from 

PrimerBank (pga.mgh.harvard.edu/primerbank/), to confirm gene expression using qRT-

PCR (RGS5 Fwd: 5´-ATTCAAACGGAGGCTCCTAAAG-3´ and RGS5 Rev: 5´-

CACAAAGCGAGGCAGAGAATC-3´).   
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BrdU proliferation analysis 

HeyA8-MDR cells were plated in a 96-well plate at a density of 3,000 cells per 

well. Half of the plate was grown in medium containing regular fetal bovine serum with 

doxycycline and the other half doxycycline-free with medium containing tetracycline-

free fetal bovine serum. Cells were then incubated at 37°C for 72 hours to allow for 

RGS5-inducible gene expression. Prior to fixation, HeyA8-MDR cells were pulse-treated 

for 1 hour with BrdU and then treated for 4 hours with the indicated cell cycle arrest 

compounds. Cells were then fixed and stained for proliferation and nuclear morphology 

according to standard procedures from the manufacturer’s protocol (BrdU Assay Kit, 

Millipore). Representative images taken using the Cellomics ArrayScan VTI HCS Reader 

(Thermo Fisher Scientific, Waltham, MA) as previously described (Jia et al) and are 

shown here. High content scanning analysis software was used to determine the average 

number of cells per field.  The data was retrieved from the manufacturer’s software and 

results were plotted with GraphPad Prism (La Jolla, CA). 

 

Animal model of ovarian cancer with gene modulation 

Six-week-old female athymic nude mice 6 weeks of age acclimated to the animal 

facility for 1 week prior to the commencement of the study. Animals were injected intra-

peritoneally with Extracel
®
 containing approximately 5 million cells of either HeyA8-

MDR pTet Advanced Vector  (N=10) or HeyA8-MDR pTet Dual RGS5 expressing cells 

(N=10) per 0.2µl injection. Injected mice were monitored for tumor formation, weight 

and stomach circumference.  After one week, 100% of mice displayed tumor formation. 

The animals were monitored over a course of 2 months and euthanized according to the 



 

106 

animal use protocol approved by the University of Georgia IACUC committee. The 

tumor volume (mm
3
) was calculated using the equation tumor volume = (width)

2
 x 

length/2, and then graphed using Prism. The time of survival for each group and overall 

significance was plotted on a Kaplan-Meier survival curve also using GraphPad Prism.  

 

Measurement of vascular endothelial growth factor 

At necropsy, blood from all animals was collected in BD microtainer tubes with 

serum separator (Becton Dickinson Co., Franklin Lakes, NJ). The serum-containing 

fraction was isolated using centrifugation, placed into glass vials and frozen immediately.  

After thawing on ice, the mouse serum was measured for the presence and concentration 

of vascular endothelial growth factor a mouse VEGF ELISA kit following the 

manufacturer’s protocol (RayBiotech, Inc., Norcross, GA).  

 

Tissue collection, histology, and immunofluorescence 

Mice were euthanized according to standard protocols.  Visible tumors were 

dissected from the abdomen, measured for size, and flash frozen with cryomatrix 

(Thermo Fisher Scientific) in 2-methylbutane (Sigma) cooled to -140 C. Cryopreserved 

tumors were cut in 10 μm sections using a Thermo Fisher Scientific cryostat and mounted 

on microscope slides.  Hematoxylin and eosin staining was performed according to 

standard protocols and imaged using a Leica microscope for pathological evaluation.   

 For immunofluorescence, tissues were blocked for 30 minutes in 5% normal 

donkey serum (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) in 

phosphate-buffered saline (PBS) for 30 minutes at room temperature. The tumor sections 
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were incubated in the primary antibody CD31 (1:500, BD Pharmingen, San Diego, CA)  

at 4°C overnight in a humidity chamber, washed with PBS, and detected with the 

secondary antibody Cy3-anti-rat IgG. DAPI nuclear stain (final 1:10,000) was included in 

the secondary antibody incubation. After thorough washing with PBS, slides were 

coverslipped with permount (Thermofisher Scientific).  Immunofluorescence was imaged 

using an X71 inverted microscope (Olympus, Center Valley, PA) at 20x magnification. 

Images were resized and adjusted identically using Photoshop (Adobe, San Jose, CA). 

Overlapping pictures were aligned in Microsoft PowerPoint to generate an image of an 

entire tumor cryosection. Each compiled tumor section was imported into Image Pro 

Express (Media Cybernetics, Bethesda, MD) for analysis. Tumor vascularization was 

determined by analyzing the number of pixels and fluorescence units above background 

to indicate CD31 positive cells, normalized to tumor area.  

 

Statistics 

The statistical differences were analyzed using the Student’s t-test to compare 

only two groups on Graph Pad Prism. Where it is indicated in the figures, *p < 0.05 and 

**p < 0.01 indicate the levels of significance.  Error bars are standard error of the mean 

(SEM).  For comparison of the survival curves the Log-rank (Mantel-Cox) test was used 

to determine if the curves were significantly different in Graph Pad Prism.  Where it is 

indicated in the figure, *p<0.05 is significant. 
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Results 

Expression of RGS5 reduces in vitro proliferation of HeyA8-MDR ovarian cancer cells 

Although RGS5 is a biomarker for tumor vasculature, we sought to understand 

whether RGS5 itself plays a pathogenic or protective role in ovarian tumor biology. To 

address this question, we constructed RGS5 in an inducible gene expression system to 

induce high levels of RGS5 protein when cells were cultured in the absence of the 

antibiotic doxycycline. The Tet-Off
®
 inducible system was necessary because RGS 

proteins regulate G protein-coupled receptor signaling cascades, which are required for 

cancer cells survival and are often critical to cells with oncogenic addictions to survival 

pathways. When cells were grown in the absence of doxycycline and medium containing 

FBS free of tetracycline, the expression of RGS5 protein reached ~7-fold after 48 hours 

and ~4.5-fold after 72 hours (Figure 4.1A). 

When we compared the vector control cells (+ doxycycline) versus RGS5-

expressing HeyA8-MDR cells (− doxycycline), we observed a significant reduction in the 

number of proliferating cells among the latter group with induced expression of RGS5 

(Figure 4.1B). Representative images are shown from high-throughput scanning (see 

methods). We next analyzed cancer cell proliferation using automated quantification of 

cells detected per field after a pulse with bromodeoxyuridine (BrdU), a nucleoside 

analogue and marker for proliferating cells. Cells engineered to inducibly express RGS5 

showed a significant reduction in the number of BrdU-positive proliferating cells 

(***p<0.001, comparing +dox with –dox). Treating the cells with either anti-neoplastic 

reagents etoposide, a topoisomerase II inhibitor, or nocodazole, an inhibitor of 

microtubule polymerization, further reduced the average number of cells measured per  
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field (Figure 4.1B and C; ***p<0.001), although the ratio was similar between the non-

treated and treated conditions. As a control, we measured no net change in the mean 

difference of “target” BrdU fluorescence intensity among the specific cell cycle 

compounds, suggesting no net bias effect of the fluorescence.  Taken together, these data 

suggest that RGS5 expression reduces the proliferative capacity of HeyA8-MDR ovarian 

cancer cells. 

Since RGS5 has been shown to be a hypoxia-inducible gene regulated by HIF-1α 

(Jin et al), we measured vascular endothelial growth factor (VEGF) in serum. Solid 

tumors will develop hypoxic regions, which would then up-regulate RGS5 and possibly 

interfere with our results. We chose VEGF because HIF-1 regulates VEGF expression as  

 

 Table 4.1.  Histological examination of tumor sections by a pathologist. 
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well as RGS5. If we detected significantly altered levels of VEGF between the groups, 

then this could indicate a problem with the data. However, there was no significant 

difference between the serum levels of VEGF between the groups (Figure 4.2C), 

suggesting that endogenous RGS5 regulation was unchanged.  

 

Histological studies suggest large areas of necrosis in RGS5-expressing tumors 

We randomly selected tumors from each group for sectioning and histological 

analysis. Interestingly, the hematoxylin and eosin stained tumor sections showed several 

important differences between control and RGS5-expressing tumors. In the control group 

of mice with tumors containing the empty vector, diffuse sheets of malignant cells 

comprised 70-95% of the sampled tissue, demonstrating extensive involvement of the 

tumor (Table 4.1).  

 

Expression of RGS5 in an ovarian tumor model increases survival 

Previous studies have examined the absence of RGS5 expression in vivo using 

knockout mice (Manzur et al). In contrast with these studies, we created an in vivo model 

of tumorigenesis with inducible expression of RGS5 to measure whether there was an 

effect on tumor regression. Athymic nude female mice were injected intraperitoneally 

with tumors containing either the vector alone or RGS5-expressing tumors. We routinely 

measured tumor volume, but were unable to detect any differences between these groups 

(Figure 4.2A). In contrast, control animals with empty vector tumors displayed lower 
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Figure 4.1. RGS5 inducible expression in HeyA8-MDR cells reduces proliferation.  

(A) HeyA8-MDR pTet dual RGS5 inducible cells were seeded in a multiple 6-wells and 

cultured in medium with tetracycline-free fetal bovine serum without doxycycline for 24, 

48 and 72 hours. Cells were harvested; the RNA was isolated and processed for qRT-

PCR using primers to detect RGS5 expression resulting from the Tet-Off Advanced 

inducible system. Without the presence of doxycycline or other members of the 

tetracycline antibiotics, RGS5 expression was observed. (B) HeyA8-MDR cells were 

plated in a 96-well plate at a density of 3,000 cells per well. Half of the plate was grown 

in medium containing regular FBS with doxycycline and the other half containing 

doxycycline-free media. Cells were then incubated at 37°C for 72 hours to allow for 

RGS5-inducible gene expression. Prior to fixation, HeyA8 MDR cells were pulse-treated 

for 1 hour with BrdU and then treated for 4 hours with the indicated cell cycle arrest 

compounds. Cells were then fixed and stained for proliferation and nuclear morphology. 

Representative images taken using the Cellomics ArrayScan VTI HCS Reader and are 

shown here. (C) High content scanning analysis software was used to determine the 

average number of cells per field.   
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body conditioning scores than mice bearing RGS5 tumors and therefore had to be 

monitored more frequently. Mice bearing RGS5 tumors displayed more active behavior 

and appeared healthier over a longer period of time with higher body conditioning scores 

in comparison (data not shown). 

We also measured the difference in survival times between the two groups. The 

control mice with empty vector tumors began to die (or were euthanized because they 

reached humane endpoints) at 22 days and all succumbed to disease by 47 days (Figure 

4.2B). In comparison, the first mouse from the group bearing RGS5 tumors died at 28 

days and the last two in the group died after 55 days. The results suggest a significant  

increase in survival time (p=0.0143) with RGS5 expression, although there were no 

animals that ultimately survived the disease. 

In contrast, mice bearing tumors expressing RGS5 had regions of necrosis that 

varied from scattered necrotic areas to broad and large areas of central necrosis.  RGS5-

expressing tissue was also composed of ~60-90% tumor. In the necrotic areas of RGS5-

expressing tumors, pyknotic nuclei and dark eosinophil cytoplasm were observed in the 

malignant cells along the peripheral areas of the necrotic regions. Finally, the histological 

tumor samples of the control mice showed areas of skin ulceration, whereas the RGS5-

expressing sections did not. This is in agreement with the overall observations where we 

observed a reduced presence of tumor ulceration in mice bearing RGS5-expressing 

tumors (Figure 4.3). 
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Figure 4.2. Expression of RGS5 in ovarian tumors did not significantly reduce the 

rate of growth, but did increase the overall survival time of mice bearing such 

tumors.   (A) Female athymic nude mice were given intra-peritoneal injections of 

Extracel
®
 containing approximately 5 million cells of either HeyA8 MDR pTet Advanced 

Vector  (N=10) or  HeyA8-MDR pTet Dual RGS5 expressing cells (N=10) per 0.2µl 

injection. All mice were monitored for tumor formation and measurements of weight and 

stomach circumference were routinely taken. The graph plots tumor volume (mm
3
). (B) 

Mice bearing HeyA8-MDR pTet Dual RGS5-expressing tumors had a significant 

increase in survival time (in days, *p=0.0143, compared to their pTet Advanced Vector 

alone counterparts). (C) Blood was collected from mice at necropsy. The serum-

containing fraction was isolated and measured for vascular endothelial growth factor. 

Results are non-significant (ns) between the groups. 
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Figure 4.3.  Mice bearing RGS5-expressing ovarian tumors displayed less frequent 

tumor ulceration.  The number of mice with ulcerated tumors observed at necropsy was 

recorded (N=10 per group). Tumor sizes were relatively similar between the two groups.  
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Tumor angiogenesis 

To clarify the functional contribution of RGS5 expression in tumor angiogenesis, 

we randomly selected tumors from each group for sectioning and analysis of positively-

stained structures of the cluster of differentiation 31 (CD31) or platelet/endothelial cell 

adhesion molecule 1 (PECAM-1), which is glycoprotein biomarker expressed on vascular 

endothelial cells used to assess the degree of angiogenesis. We observed CD31-positive 

structures in tumor specimens from both groups of animals (Figure 4.4A). The RGS5-

expressing tumors displayed a greater frequency of CD31-positive vessel-like structures, 

compared with the vector-expressing tumors (Figure 4.4B, **p<0.01). This is consistent 

with the role of RGS5 as a pericyte biomarker that is temporally upregulated during the 

switch to angiogenesis in malignancy. The data is suggestive that introducing RGS5 into 

the solid tumor likely influenced the balance of this switch in favor of angiogenesis. 
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Figure 4.4. RGS5-expressing ovarian tumors increase the number of CD31-positive 

vessel-like structures. Tumor specimens were sectioned and prepared on slides for 

immunofluorescence. (A) Tumor sections were probed with CD31 overnight prior to 

visualization using secondary antibodies (shown) and DAPI (not shown). Images 

presented are representative and the bar graph (B) displays quantified data (N=4), which 

was generated using CellSens and GraphPad Prism software. **p<0.01, comparing vector 

vs. RGS5.   
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Discussion  

 

In this study, we used Tet-off inducible expression to study the role of RGS5, in 

vitro and in vivo, in tumor proliferation and pathology. We found that mice bearing 

RGS5-expressing tumors survived longer than controls and displayed large regions of 

necrosis within their tumors. They were also less likely to have ulcerated tumors in 

comparison to control mice. Our study is consistent with previous work that produced 

RGS5-deficient mice and suggested that RGS5 loss accelerated tumor development, 

enhanced tumor growth (in the later tumor stages), reduced survival, decreased hypoxia 

and decreased vessel permeability (Hamzah et al , Manzur et al , Manzur et al).   

Hamzah et al. created an RGS5 knockout mouse model using a mix of normal 129 

and C57BL/6 mice crossed with the C3H background, which then allowed the assessment 

of immune function. Although not statistically significant, the RGS5 knockout mouse 

model resulted in the opening of solid tumors to spontaneous immune effector T-cell 

infiltration into the tumor parenchyma. In addition, this model showed prolonged survival 

among tumor-bearing mice with the transfer of activated and specific T cells. (Hamzah et 

al) Our study used athymic immunodeficient nude mice, which manifest an inhibition of 

the immune system and thus will not mount an immune response to xenograft injection. It 

is interesting that we observed vast regions of necrosis in the solid tumors without the 

immune system modulating this response in RGS5-expressing tumors. This necrosis is 

likely due to two factors: hypoxia resulting from aberrant tumor vasculature and RGS5 

induction of apoptosis (Jin et al 2009).  

Although we observed an increase in the survival time in mice bearing RGS5-

expressing tumors, the overall increase in time was modest. Too many chemotherapies 
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and biological agents also achieve mediocre increases in overall survival, leading the 

industry to focus instead on quality-of-life parameters for measuring drug ‘successes’. 

The results of our study dampen enthusiasm for pursuing RGS5 as a single target for 

therapeutics in tumorigenesis.  However, our study does provide support for including 

RGS5 as one important component of a multi-component approach to help modulate 

tumor progression.  As the treatment of cancer is a multifaceted discipline, and cytotoxic 

chemotherapy is combinatorial, momentum for combinatorial biological therapies is also 

gaining, even among “magic bullet” therapeutics (i.e. imatinib and vemurafenib). The 

shift is being driven by chemoresistance to therapy, which is relevant in this setting 

because RGS proteins are involved in chemoresistance (Hooks et al) as well as hypoxia – 

a driver of chemoresistance (Sorensen et al).  

Our study also demonstrates that RGS5 effects active cellular proliferation in 

HeyA8-MDR cells in vitro using the BrdU assay. This result is in contrast with other 

studies suggesting that the overexpression of RGS5 reduces the rate of growth without 

affecting cell proliferation (Jin et al). The differences between the two studies are likely 

the model system. Whereas we are using rapidly-proliferating ovarian cancer cells 

resistant to paclitaxel, the previous study used human umbilical vein endothelial cells. 

Thus, our model system is highly aggressive, tumorigenic and drug resistant with or 

without RGS5 expression.  

The addition of chemotherapeutic agents (etoposide or nocodazole) to the culture 

of RGS5-inducible HeyA8-MDR cells further reduced the average number of cells 

present and proliferating.  Although very exciting, the fact that RGS5 has a dual role 

tumor biology (i.e. vascularization vs. tumor growth) makes it unclear how modulation of 
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RGS expression would affect therapy.  For example, RGS5 modulation could 

significantly complicate drug delivery into solid tumor parenchyma. On one hand, RGS5 

loss results in normalization of the vasculature in vivo, which would allow penetration of 

T cells and chemotherapy, but otherwise RGS5 loss enhances tumor growth (Hamzah et 

al). On the other hand, RGS5 is overexpressed in aberrant tumor vascular (Berger et al), 

but its expression induces endothelial apoptosis (Jin et al), reduces cell proliferation and 

increases overall survival. Indeed, in our study the mice bearing RGS5-expressing tumors 

that showed large areas of central necrosis were not treated with cytotoxic chemotherapy; 

however, if we had treated these mice with intravenous cisplatin or carboplatin, it is 

unclear whether these drugs could have reached the tumor parenchyma without a robust 

vasculature and what the effect on overall survival would have been. 

In addition, whether or not angiogenesis is an optimal target for therapy against 

solid tumors is another growing controversy. Recent studies in glioblastoma hypothesize 

that vascular normalization improves survival through tumor perfusion (Sorensen et al). 

Furthermore, another study of bevacizumab (Avastin™)-treated rats bearing human 

glioblastoma multiforme tumors demonstrated, “a strong and highly significant increase 

in the number of tumor cells invading the normal brain” (Keunen et al), suggesting a 

negative effect on tumor biology in that setting. 

In 2011, the Food and Drug Administration revoked its approval of bevacizumab for 

therapy in metastatic breast cancer because it lacked efficacy and increased the risk for 

lethal side effects. Some speculated this review by the FDA was also necessary due to 

bevacizumab’s extraordinarily high yearly cost without the possibility of achieving 

monotherapeutic cure. For example, bevacizumab is indicated for use as combination 
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therapy in metastatic colorectal cancer, non-squamous non-small cell lung cancer and 

metastatic renal cell carcinoma and as a single agent for glioblastoma patients based on 

objective response rate, not survival (Genentech). Thus, combination regimens with 

angiogenesis inhibitors have substantially increased the expense of cancer treatment 

through drug costs and the costs associated with hospitalization for adverse drug 

responses (Jackson and Sood).  A better understanding of the tumor vasculature and its 

impact on the biology of solid tumors and therapy is needed to address this controversial 

approach. 

Future studies might explore the roles of combinations of RGS5 with other RGS 

proteins in ovarian cancer. For example, on chromosome 1q23.3-1q31 there are 5 genes 

encoding RGS family members (RGS2, RGS4, RGS5, RGS8 and RGS16) and these have 

overlapping cellular functions (Campbell et al). It is unclear whether combinations of 

these RGS proteins would further modulate the aggressiveness of ovarian cancer cells or 

tumors in mice. Since RGS proteins turn off signaling cascades from growth factors, 

future studies could also assess the modulation of these with other proteins affecting G 

protein-coupled receptors and receptor inhibitors. Much is left to learn about RGS 

proteins and their role in tumorigenesis and therapy. 
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CHAPTER 5 

 

TARGETING MELANOMA GROWTH AND VIABILITY REVEALS DUALISTIC 

FUNCTIONALITY OF THE PHOSPHONOTHIONATE ANALOGUE OF CARBA 

CYCLIC PHOSPHATIDIC ACID
1 
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 1 Altman, MK., Gopal, V., Jia, W., Yu, S., Hall, H.,  Mills, GB., McGinnis, AC.,  

Bartlett, MG., Jiang, G., Madan, D.,  Prestwich, GD., Xu, Y., Davies, MA.,  and 

Murph, MM.. 2010, Molecular Cancer, 9:140.  Reprinted here with permission of the 

publisher. 
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Abstract 

Background: Although the incidence of melanoma in the U.S. is rising faster than 

any other cancer, the FDA-approved chemotherapies lack efficacy for advanced disease, 

which results in poor overall survival. Lysophosphatidic acid (LPA), autotaxin (ATX), 

the enzyme that produces LPA, and the LPA receptors represent an emerging group of 

therapeutic targets in cancer, although it is not known which of these is most effective. 

Results:  Herein we demonstrate that thio-ccPA 18:1, a stabilized phosphonothionate 

analogue of carba cyclic phosphatidic acid, ATX inhibitor and LPA1/3 receptor 

antagonist, induced a marked reduction in the viability of B16F10 metastatic melanoma 

cells compared with PBS-treated control by 80-100%. Exogenous LPA 18:1 or D-sn-1-O-

oleoyl-2- O-methylglyceryl-3-phosphothioate did not reverse the effect of thio-ccPA 

18:1. The reduction in viability mediated by thio-ccPA 18:1 was also observed in A375 

and MeWo melanoma cell lines, suggesting that the effects are generalizable. 

Interestingly, siRNA to LPA3 (siLPA3) but not other LPA receptors recapitulated the 

effects of thio-ccPA 18:1 on viability, suggesting that inhibition of the LPA3 receptor is 

an important dualistic function of the compound. In addition, siLPA3 reduced 

proliferation, plasma membrane integrity and altered morphology of A375 cells. Another 

experimental compound designed to antagonize the LPA1/3 receptors significantly 

reduced viability in MeWo cells, which predominantly express the LPA3 receptor. 

Conclusions: Thus the ability of thio-ccPA 18:1 to inhibit the LPA3 receptor and ATX 

are key to its molecular mechanism, particularly in melanoma cells that predominantly 

express the LPA3. 
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Introduction 

 The incidence of melanoma, the most aggressive form of skin cancer, is rising 

faster than any other cancer in the U.S. with a 619% increase from 1950 to 2000 (Tsao et 

al 2004). While mortality from many cancers is in decline, melanoma of the skin is 

among only three types, including liver and esophageal, with increasing mortality among 

males in the U.S. (Jemal et al 2008).  Although remarkable strides in research, prevention 

and treatment continue to reduce cancer-related mortality   overall,   the   mortality from 

melanoma is expected to rise due to the combination of increasing incidence and lack of 

effective therapies. Factors that increase melanoma susceptibility include accumulating 

genomic mutations from environmental sun exposure, a decrease in keratinocyte stem 

cell proliferation capacity, a decline in the regeneration ability of the skin and evolving 

changes in cellular signaling (Weinberg 2007b). 

 Advanced metastatic melanoma has an alarming average survival of only 6 to 10 

months with less than 5% of patients living 5 years after diagnosis (Jemal et al 2002).  

Unfortunately FDA-approved chemotherapy  and  immunotherapy used against advanced 

metastatic melanoma such as dacarbazine (DTIC), interferon (IFN) and interleukin-2 (IL-

2) do not significantly improve patient outcomes in the majority (>80%) of patients 

(Hocker and Tsao 2007).  Thus, more basic research is desperately needed to develop 

new, more effective therapeutic strategies for this disease. 

 The potential involvement of the lysophosphatidic acid (LPA) signaling pathway 

in melanoma was hypothesized when autotaxin (ATX, ENPP2) was demonstrated to be 

identical to a motility-stimulating factor secreted by melanoma cells  (Stracke et al 1992).  

ATX is the enzyme that generates the main extracellular pool of LPA (Umezu-Goto et al 
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2002).  LPA is a normal lipid constituent of biological fluids with a wide range of 

molecular signaling and resultant cellular outcomes (Mills and Moolenaar 2003, Murph 

et al 2006)  LPA has been proposed to activate at least eight known G protein coupled 

receptors (LPA1 (Hecht et al 1996), LPA2(An et al 1998), LPA3 (Bandoh et al 1999) 

LPA4/GPR23 (Noguchi et al 2003), LPA5/GPR92/93 (Kotarsky et al 2006, Lee et al 

2006a), GPR87 (Tabata et al 2007), P2Y5 (Pasternack et al 2008) and P2Y10 (putative 

dual LPA and S1P receptor) (Murakami et al 2008).  LPA has also been demonstrated to 

activate PPARγ (McIntyre et al 2003) and participates in cross communication with 

tyrosine kinase receptors through as yet unclear mechanisms (Oyesanya et al 2010, Shah 

et al 2005) The role of LPA production, LPA receptor activation and LPA receptor 

expression in mela- noma progression, and as potential therapeutic targets, remains 

poorly understood. 

 Cyclic phosphatidic acid (1-acyl-sn-glycerol-2,3-cyclic phosphate; cPA) is a 

naturally-occurring compound that was originally isolated from the lipid fraction of slime 

mold. cPA was initially demonstrated to have strong inhibitory activity on eukaryotic 

DNA polymerase α, but not β or γ (Murakami-Murofushi et al 1992)  However, cPA 

exhibits multiple other actions in mammalian cells. For example, cPA prevents tumor cell 

migration through its ability to down-regulate active RhoA and thus the downstream 

autophosphorylation of focal adhesion kinase (Mukai et al 2003). Previously we 

demonstrated that carba analogues of cyclic phosphatidic acid (ccPA) potently inhibit 

ATX activity, LPA synthesis and metastatic melanoma progression in vivo (Baker et al 

2006).  Interestingly, ccPA compounds demonstrate anti-metastatic effects accompanied 

by inhibition of RhoA activation. This effect is not due to inhibition of LPA receptor 
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activation (Uchiyama et al 2007) suggesting that inhibition of ATX and subsequent LPA 

production represents a critical target. 

 We have developed the next generation of ccPA compound, the stabilized 

analogue thio-ccPA 18:1, as a mechanistic probe and potential therapeutic modality. 

Thio- ccPA 18:1 is a phosphonothioate analogue of ccPA with an enhanced ability to 

inhibit ATX activity (89% at 10 μM) (Xu et al 2006).  Thio-ccPA 18:1 is also unique due 

to its action as a selective inhibitor of LPA receptors, blocking LPA1 and LPA3, with no 

effect on LPA2  (Hasegawa et al 2008, Prestwich et al 2008)  Thio-ccPA 18:1 has not 

demonstrated any detectable agonist-related activation of the LPA receptors examined, 

including LPA1, LPA2 or LPA3 (Xu et al 2006). 

 Herein we tested the potential of thio-ccPA 18:1 as a melanoma therapeutic in 

vitro and as a probe of relative efficacy of inhibition of ATX,  LPA1 and  LPA3.  We 

observed that thio-ccPA 18:1 reduces viability in the highly aggressive B16F10 model for 

metastatic disease progression. Our data demonstrates that thio-ccPA 18:1 directly 

inhibits the growth and viability of B16F10 melanoma cells, as well as two commonly 

used human melanoma cell lines, A375 and MeWo. Although ATX inhibition contributes 

greatly to therapeutic efficacy against melanoma (Baker et al 2006), the effect of thio-

ccPA 18:1 on viability is not only related ATX inhibition since neither LPA nor a 

stabilized LPA analog, R-OMPT (Hasegawa et al 2003) that would bypass the inhibition 

of ATX, were able to override the inhibitory effects of thio-ccPA 18:1.   In addition, we 

demonstrated that inhibition of LPA3 by siRNA also results in a decrease in cell viability 

in melanoma cells. These studies are the first to implicate LPA3 as a critical mediator of 

melanoma growth and survival, and provide evidence that LPA3 mediated receptor 
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signaling may represent an important therapeutic target in melanoma, providing an 

enhanced benefit of the phosphonothionate analogue. 

 

Experimental Methods 

Reagents and Materials 

 LPA    (18:1, 1-oleoyl-2-hydroxy-sn-glycero-3-phosphate 

and 14:0, 1-myristoyl-2-Hydroxy-sn-Glycero-3-Phosphate) and (S)-phosphoric acid 

mono-{2-octadec-9- enoylamino-3-4-(pyridin-2-ylmethoxy)-phenyl-propyl} ester was 

purchased from Avanti Polar Lipids Inc (Ala- baster, AL). D-sn-1-O-oleoyl-2-O-

methylglyceryl-3-phosphothionate (R-OMPT) was purchased from Echelon Biosciences, 

Inc. (Salt Lake City, UT). A375 epithelial malignant melanoma, MeWo fibroblast 

malignant melanoma cells and OVCAR-3, A549 and MDA-MB-231 cells were acquired 

from ATCC (Manassas, VA) and maintained in Cellgro RPMI (Mediatech, Inc., 

Manassas, VA) supplemented with 5% (MeWo and A375) or 10% (OVCAR-3,  A549  

and  MDA-MB-231)  FBS  (Sigma, St Louis, MO). B16-F10 murine melanoma  were  

the  kind gift of Dr. Isaiah J. Fidler at The University of Texas MD Anderson Cancer 

Center, Department of Cancer Biology and maintained in DMEM (Mediatech, Inc.) 

supplemented with 10% FBS (Sigma). The phosphonothionate ccPA 18:1 analogue (thio-

ccPA 18:1) was synthesized as previously described (24). The solid lyophilized sodium 

salt of thio-ccPA 18:1 was reconstituted in PBS prior to use. 
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Mouse xenograft model 

 All animal studies were conducted in compliance with the policies and regulations 

of the University of Texas M.D. Anderson Cancer Center Institutional Animal Care and 

Use Committee (IACUC). To analyze the consequence of treating metastatic melanoma 

tumors with thio-ccPA in vivo, thirty C57/Bl6 mice (male, 4-6  weeks  old)  were injected 

intravenously with 5 × 104 B16F10 cells into the tail vein.  Three days post injection, ten 

mice were randomly selected for treatment with thio-ccPA 18:1. Of this group, mice were 

given the indicated doses of thio-ccPA by intraperitoneal injection. Thio-ccPA 18:1 

injections were repeated seven days post tumor cell injection. After 21 days all surviving 

mice were euthanized, gross necropsy was performed and lungs were removed for further 

examination for the presence of metastatic lesions. Surviving mice were N = 17 for the 

control and N = 10 for thio-ccPA 18:1.  One murine lung was processed for pathological 

examination and immunohistochemistry. The other lung was examined for lesions using a 

dissecting microscope and imaged using a Nikon Coolpix camera (Southern Microscope, 

Inc., Haw River, NC). Two independent observers assessed the number of nodules 

present on the lungs and results were averaged. Results are means ± SE of experiments, 

**p < 0.01 treatment groups vs. control by Tukey's test and analysis of variance. 

 

Cell viability 

 B16F10, A375 or MeWo cells were examined for viability by seeding the 

indicated number of cells (1 × 10
3
 - 25 × 10

3
) in 96-well plates in quadruplicates.  Cells  

were allowed to attach to the plate for 4-8 h in 1% FCS containing medium (or 10% FCS 

containing medium where indicated) prior to stimulation with PBS, 10-250 μM  thio- 
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ccPA 18:1, FBS or 0.1-10 μM 18:1 LPA where indicated. In some experiments, cells 

were transfected with the indicated ON-TARGETplus SMARTpool siRNA reagent 

(Dharmacon, Lafayette, CO) and DharmaFECT (Dharmacon) for 48 h (see below for 

details).  CellTiter™ Blue reagent (Promega, Madison, WI) was added to plates and cells 

were incubated at 37°C to assess viability as previously described (Hasegawa et al 2008).  

Images of individual wells of 96-well plates were acquired using a 12 megapixel Nikon 

Coolpix camera (Southern Microscope, Inc., Haw River, NC). All images show 

representative photos corresponding to quadruplicate conditions. 

 

Cell proliferation assay 

 A375 cells were seeded in quadruplicates in 96-well plates (2,000 cells/well) and 

allowed to attach for 8-16 h. Cells were then placed in 1% serum-containing medium and 

Transfected with the indicated indicated ON-TARGETplus SMARTpool siRNA reagent 

(Dharmacon) for 48 h. Proliferation was assessed as previously described using crystal 

violet (Hasegawa et al 2008).  Experimental groups were compared with siRNA negative 

control (Applied Biosystems, Foster City, CA) and mock transfected controls. Results are 

means ± SE of experiments. *p < 0.05 treatment groups vs. control by Bonferroni's test 

and analysis of variance. 

 

Small interfering RNA (siRNA) transfection 

 We down-regulated individual LPA receptor expression by using sequence-

specific siRNA purchased from ON- TARGETplus SMARTpool siRNA reagents 

(Dharmacon). The cells were transfected according to the manufacturer's protocol using 



 

129 

either reagents DharmaFECT (Dharmacon) or the X-tremeGENE siRNA transfection 

reagent (Roche, Palo Alto, CA). Negative control siRNA (control) was purchased from 

Applied Biosystems (Foster City, CA).  Expression levels of gene knockdown were 

optimized as previously described (Hasegawa et al 2008, Yu et al 2008). 

 

Assessment of siRNA transfection 

 Cells were transfected with SMARTpool siRNA reagents (Dharmacon), which 

contain four different siRNA, each consisting of 21 base pairs. The siRNA was extracted 

separately from the media and cells and analyzed by ion chromatography using UV 

detection. Samples of the cell medium and RNA isolated from transfected cells were 

collected after 0, 6, 10 and 24 h. Along with ion chromatography showing siRNA inside 

the cell, RNA and visual observations of cells also corroborated successful transfection 

targeting this receptor. 

 

Trypan blue exclusion 

 The A375 and Mewo cells were seeded in 6-well dishes at a density of 10
5
 

cells/well and allowed to attach overnight. The cells were transfected with 20 nM of the 

indicated siRNAs using the X-tremeGENE transfection reagent (Roche, Palo Alto, CA). 

After 72 h of incubation, the cells from separate wells were trypsinized, cell samples 

were mixed with an equal volume of a solution of 0.4% Trypan Blue dye (Sigma, St. 

Louis, MO) just before the counting of cells. The cells from each replicate sample were 

immediately transferred into both grids of a Neubauer hemocytometer and the viable (dye 

excluding) fraction of cells in all ten squares of both grids were counted under a 
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microscope. Cell numbers from all squares were averaged and the total number of cells 

for each replicate sample was determined. 

 

Real-time PCR 

 mRNA of MeWo and A375 cells was extracted with Gen-Elute Direct mRNA kit 

(Sigma Aldrich, St. Louis, MO) and reverse transcribed into cDNA using Superscript III 

kit (Invitrogen, Carlsbad, CA) following the manufacturer's protocol. Total human skin 

RNA was purchased from Agilent Technologies (Palo Alto, CA). Real-time PCR was 

performed using the primers for LPA1, LPA2, LPA3, LPA4 and LPA5 as previously 

described (Valentine et al 2008) and other primers for p2y5: forward 5'- 

TTGTATGGGTG- CATGTTCAGC-3' and reverse 5'- GCCAATTCCGTGT- 

TGTGAAGT -3'; p2y10: forward 5'- GTTTCCT GACGTGCATCAGTC -3' and reverse 

5' - AGTCCCCACAACGATCCAGAT -3' based on algorithm generated sequences from 

Primer Bank http://pga.mgh.harvard.edu/primerbank/ (Wang and Seed 2003). Other 

primers used included GPR87: forward 5'- GAGCAAGTTGTTCCAGTAGTCG-3' and 

reverse 5' - CTTTGAAACTAAGGTCGGCAGG-3'; ATX: forward 5'- 

CTCGTTCCAGTCGTGTCAGA -3' and reverse 5' - CAAGATCCGGAGATGTTGGT -

3'.  PCR products were visualized by loading 1 μl of product onto the Agilent DNA 1000 

chip in gel-dye matrix and running the chip for 35 min in the Bioanalyzer 2100 (Agilent 

Technologies) following the manufacturer's protocol. 

 

 

 

http://pga.mgh.harvard.edu/primerbank/
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Cell morphology 

 B16F10 or A375 cells were seeded in quadruplicates in 96-well plates and treated 

with 50 μM  thio-ccPA 18:1 or transfected with the indicated siRNA for 48 h prior to the 

examination of cell morphology. Cells were visualized using an Axiovert 40 inverted 

microscope (Carl Zeiss MicroImaging Inc., Thornwood, NY) and photomicro- graphs 

were captured using a Nikon Coolpix camera (Southern Microscope, Inc.). 

 

Gene expression analysis 

For examination of variations in biomarker expression among patient datasets, a 

publicly available melanoma gene expression dataset (GSE7553, N = 87) (Riker et al 

2008) was downloaded from the NCBI Entrez Gene Expression Omnibus (GEO) 

DataSets website http://www.ncbi.nlm.nih.gov/sites/entrez?db=gds and analyzed as 

previously described (Murph et al 2009).  Box plots using the normalized gene 

expression were created with GraphPad Prism (GraphPad Software, Inc., La Jolla, CA). 

 

 

 

 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/sites/entrez?db=gds
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gds
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Results 

 Previous observations that carba analogues of ccPA- treated animals have reduced 

lesions in the lungs are striking (Baker et al 2006) and warrant further investigation. 

Thus, the next generation compound was synthesized based on enhanced metabolic 

stability of the carbacylic structure (Figure 5.1A) and improved receptor binding 

properties. We thus hypothesized that the phosphonothionate analogue of carba cyclic 

phosphatidic acid, thio-ccPA 18:1 (Figure 5.1B), would have interesting biological 

properties related to receptor binding and could be used to explore approaches against 

melanoma progression. 

 In order to assess the most fundamental question, whether thio-ccPA 18:1 had an 

effect on melanoma cell viability, we examined the viability of metastatic melanoma 

B16F10 cells in vitro in the presence or absence of thio-ccPA 18:1. No significant 

reduction in viability was observed at 10 or 25 μM thio-ccPA 18:1 after 48 h; however, 

concentrations of 50 μM and above induced a dramatic reduction in viability, 

approximately 49% at 50 μM and 85% at 100 μM (**P = 0.01 vs. PBS control Figure 

5.1C). Thio-ccPA 18:1 (50 μM) treated B16F10 appeared small and rounded  

compared with untreated controls that were flattened and exhibited lamellipodia 

protrusions (Figure 5.1D). Visual examination of individual wells treated with 100 μM 

detected few attached cells after 48 h (data not shown). 

 Thio-ccPA 18:1 targets several components of the LPA signaling pathway. It is an 

effective inhibitor of ATX, sim- ilar to other cyclic phosphatidic  acid  analogues,  but  it 

also is a direct antagonist of the LPA1 and LPA3 receptors (Prestwich et al 2008).  If 

ATX activity is the only important target of thio- ccPA 18:1 (Stracke et al 1992) then 
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exogenous LPA should override the effects of thio-ccPA 18:1 (Baker et al 2006).  In 

order to test this hypothesis, we pre-treated the melanoma cells with LPA 18:1 (10 μM) 

or the metabolically stabilized LPA analogue D-sn-1-O-oleoyl-2-O-methylglyceryl-3-

phosphothionate (R- OMPT) (1 μM) (Hasegawa et al 2008) prior to treatment with thio-

ccPA 18:1 (50 μM).  Pre-treatment of LPA or R-OMPT was unable to bypass the 

reduction in cell viability induced by thio-ccPA 18:1 (Figure 5.1E). This suggests that 

additional targets, complementary to ATX inhibition, contribute to the ability of thio-

ccPA 18:1 to reduce melanoma cell viability. 

 We next tested whether thio-ccPA 18:1 inhibits the viability of human melanoma 

cells.  This was done in order to better represent translational applications of  the 

phosphonothionate analogue to humans, to broadly examine multiple melanoma cell lines 

and their responses to thio-ccPA  18:1 and because  B16F10  cells are  hypersensitive to 

fluctuations in the concentration of serum contained in medium which could reflect an 

oncogenic addiction to growth factors or bias in our in vitro data (Weinberg 2007b).  
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Figure 5.1.  Thio-ccPA 18:1 reduces the viability of B16F10 cells in vitro. (A) 

Chemical structure of ccPA 18:1 and (B) thio-ccPA 18:1. (C) B16F10 cells were treated 

with increasing concentrations (10-100 μM) of thio-ccPA 18:1 and analyzed for cell 

viability after 48 h. The graph presents the data as the percentage of reduction in cell 

viability (% of PBS control). **p < 0.01 vs. control by Bonferroni's t-test and analysis of 

variance. (D) B16F10 cells were either untreated (control) or treated with thio-ccPA 18:1 

(50 μM). Images demonstrate the difference in B16F10 cell morphology after 48 h 

treatments with 50 μM thio-ccPA 18:1. (E) B16F10 cells were either untreated (control) 

or treated with LPA 18:1 (10 μM), LPA 14:0 (1 μM), R-OMPT (1 μM), thio-ccPA 18:1 

(50 μM) or a combination of these as shown. Cell viability was assessed after 48 h. ***p 

< 0.001 vs. control by Bonferroni's t-test and analysis of variance.  
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Figure 5.2. Cell line comparison of viability reduction by thio-ccPA 18:1. (A) 

B16F10, A375 and MeWo melanoma cells were treated with increasing concentrations 

(0-100 μM) of thio-ccPA 18:1 for 48 h and ex- amined for viability. *p < 0.05 and ***p < 

0.001 vs. control by Bonferro- ni's t-test and analysis of variance. (B) A549, MDA-MB-

231 and MeWo melanoma cells were treated with either 40 μM or 20 μM of thio-ccPA 

18:1 and examined for viability. Results show the percent of viability compared to 

vehicle (dH2O). **p < 0.01 vs. vehicle by Bonferroni's t-test and analysis of variance. 
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  Although the three melanoma cell lines represent distinct and common genetic 

abnormalities observed in melanoma, B16F10 (RAS), A375 (activating B-RAF,  

constitutively active MAPK) and MeWo (no BRAF or NRAS), they exhibited similar 

decreases in cell viability in the presence of increasing concentrations of thio-ccPA 18:1 

(Figure 5.2A).   This suggests the existence of a "common" mechanism exploited by 

thio-ccPA 18:1 on the LPA signaling pathway in these melanoma cells.  Furthermore, 

this mechanism is not shared by all tumor cell types since A549, a lung cancer cell line, 

and MDA-MB-231, a breast cancer cell line, are insensitive to the effects of thio-ccPA 

18:1 (Figure 5.2B).  A549 cells express LPA1 > LPA4 > LPA2 receptors and the MDA-

MB-231 cells express LPA1 >> LPA2 receptors. Both cell lines express low levels of 

ATX and no LPA3 receptors (Kishi et al 2006). 

 In addition to its inhibition of ATX, thio-ccPA 18:1 is an LPA1/3 receptor 

antagonist  (Prestwich et al 2008).  We wanted to determine the importance of the 

receptor antagonism to the efficacy of the analogue, especially considering that the drug 

is insensitive in cells that lack the LPA3 receptor. We therefore assessed whether 

sequentially inhibition of individual LPA receptors affected melanoma cell viability. 

Specific inhibitors targeting all LPA receptors individually do not  exist (Murph and 

Mills 2007); thus, we used siRNA to target individual LPA receptors. With siRNA we 

can consistently reduce the amount of LPA receptor expression approximately 60%  or  

greater (Hasegawa et al 2008) without activating compensatory receptor expression 

mechanisms.  We have previously established that LPA receptor knock-down reduces 

LPA-mediated functions of LPA receptors in vitro and in vivo (Hasegawa et al 2008, Yu 

et al 2008). Herein, we also assessed the ability of siRNA to enter the cell from the 
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transfected medium using ion chromatography using UV detection.  Strikingly, we 

detected siRNA inside MeWo cells 6 h after transfection and this was detected in 

subsequent time points of 10 h and 24 h. 

 We next transfected A375 cells with siRNA for the LPA receptors and detected a 

significant reduction in cell viability when the LPA3 receptor expression was reduced 

(Figure 5.3A).  The expression of verified LPA receptors in A375  cells  is LPA1,  

LPA2,  LPA3,  p2y5  >>  LPA4,  LPA5  (Figure 5.3B), demonstrating that the LPA3 

receptor is present in A375 cells. Similar results were achieved using siRNA in MeWo 

cells (Figure 5.3C).  The expression pattern of LPA receptors was very different in 

MeWo cells, LPA3, LPA4 >> LPA2 (Figure 5.3D) compared to A375 cells. The 

commonalities between the two cell lines are expression of the LPA2, LPA3 and LPA4 

receptors. This pattern is not commonly observed among cancer cell lines (Kishi et al 

2006).  This also led us to examine LPA receptor expression in normal skin where we 

detected expression of p2y5 and LPA1 receptors and little (LPA2, LPA3) to no (LPA4, 

LPA5) expression of other receptors (Figure 5.3E). 

 To further investigate the effects of thio-ccPA 18:1 on melanoma cells and 

determine whether targeting the LPA3 receptor has a complementary role to ATX 

inhibition, we examined LPA receptor-mediated cell viability using A375 melanoma 

cells.  Cells were treated for 48 h in serum-free medium with LPA 18:1 (0.1 - 10 μM) and 

assessed for cell viability. Indeed, the addition of LPA alone enhanced the overall 

number of A375 cells (Figure 5.4A).  We next assessed cell death by measuring the 

integrity of the cell membrane using trypan blue exclusion and A375 cells transfected 

with increasing concentrations and combinations of siRNA for the LPA1, LPA2 or LPA3 
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Figure 5.3. The LPA3 receptor mediates viability in A375 and MeWo melanoma 

cells. Individual LPA receptors were targeted with siRNA to sequentially inhibit receptor 

expression. (A) A375 cells were transfected for 48 h with the indicated siRNA and 

examined for viability. *P < 0.05, vs. Mock in A375 by Bonferroni's t-test and analysis of 

variance. (B) RT-PCR showing LPA receptor expression in A375 cells visualized using 

the Bioanalyzer 2100. (C) MeWo cells were transfected for 48 h with the indicated 

siRNA and examined for viability. *P < 0.05, vs. Negative Control (RISC-free) in 

MeWo. (D) RT-PCR showing LPA receptor expression in MeWo cells visualized using 

the Bioanalyzer 2100. (E) RT-PCR showing LPA receptor expression in normal human 

skin visualized using the Bioanalyzer 2100. 
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receptors.  Only cells transfected with siLPA3 (20 nM, 60 nM or combination) produced 

conditions that significantly affected the number of live cells (Figure 5.4B). A375 cells 

transfected with 20 nM or 60 nM siLPA3 contained 45% and 30%, respectively, of live 

cells compared with Mock control. Cell number was further assessed using crystal violet 

(proliferation) staining and (20 nM) siLPA3. We measured a decrease of 70% and 50% in 

the number of cells transfected with siLPA3 compared with untreated (Control) and 

Mock control, respectively (Figure 5.4C).  A375 cells transfected with siLPA3 have 

rounded cell morphology that is distinct from normal control cells (Figure 5.4D) but 

reminiscent of thio-ccPA 18:1 treated cells shown in (Figure 5.1E).   

 To assess whether ATX was a major contributor to viability in A375 cells, we 

measured the amount of expression using RT-PCR.  We were barely able to distinguish a 

marginal level of ATX in A375 cells, although fetal skin and MeWo cells did express 

detectable levels of ATX (Figure 5.4E).  Taken together, this suggests that inhibition of 

the LPA3 receptor signaling reduces the viability of A375 melanoma cells and may be 

complimentary to ATX inhibition as a dualistic mechanism of action  of  thio-ccPA 18:1.  

The expression pattern observed in MeWo cells (ATX and the LPA3 receptor) makes this 

the quintessential line for confirming the efficacy of thio-ccPA 18:1.  Inhibiting the 

abundance of these two transcripts and then assessing cell viability demonstrated that 

either siLPA3 or siATX was capable of reducing viability (Figure 5.5A).  Combining 

siLPA3 and siATX further reduced viability over each individually and was comparable 

to siPLK1, a positive control for siRNA transfection that results in termination of cells. 

 We next asked whether the LPA3 receptor plays a large role in mediating LPA-

induced cell viability in MeWo cells. A selective LPA receptor agonist induced an 
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Figure 5.4.  Knockdown of the LPA3 receptor induces cell death in A375 melanoma 

cells. (A) LPA 18:1 treatment (0.1-10 μM) of A375 cells in serum free medium for 48 h 

enhances viability. *p < 0.001 vs. untreated control. (B) A375 cells were transfected for 

48 h with the indicated siRNAs and as- sessed for membrane integrity and cell death 

using trypan blue exclusion assay. Cell numbers reflect the cells with intact membranes. 

*P < 0.001, com- paring siRISC 60 nM vs. treatment conditions. (C) Transfection of 

siRNA targeting the LPA receptors in A375 cells for 48 h demonstrates that reducing the 

expression of the LPA3 receptor decreases the number of live cells assessed by crystal 

violet staining. *p < 0.05 vs. control. (D) Photomicrograph images demonstrating 

changes in cell morphology after 48 h of siLPA3 transfection. (E) RT-PCR 

demonstrating the level of expression of ATX and GPR87 in fetal skin, normal human 

skin, A375 and MeWo cells. 
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enhancement in viability by 21% under control conditions in MeWo cells, 37% under 

control conditions in OVCAR- 3 cells but only 9% after MeWo cells were transiently 

transfected with siRNA against the LPA3 receptor and after overnight treatment with the 

agonist (Figure 5.5B).  We further inhibited the LPA3 receptor using a selective 

antagonist for LPA1/3, VPC32183, in MeWo cells (which do not express the LPA1 

receptor). We treated the MeWo cells for 48 h and measured approximately 75% 

decrease in cell viability (Figure 5.5C).  The marked reduction in viability was blunted 

after transiently transfecting MeWo cells with siRNA against the LPA3 receptor or by 

using the OVCAR-3 cell line, which expresses multiple LPA receptors.  This suggests 

that LPA3 expression, but likely lack of LPA2 expression, is required for response to the 

antagonist VPC32183. The effect on blunting the cellular response to the compound was 

not observed after transiently transfecting MeWo cells with siRNA against the LPA3 

receptor and treating with thio-ccPA 18:1 (Figure 5.5D).  In the presence of LPA3 

receptor knock-down, thio-ccPA 18:1 further reduced cell viability, suggesting multiple  

targets induce the effects of thio-ccPA 18:1.  We also noted the response of VPC32183 

was reduced by the presence of serum (Figure 5.5E).   Our data suggests the unique 

pattern of expression in MeWo cells (ATX and the LPA3 receptor, without the LPA1 or 

LPA2 receptors) provides a quintessential model for achieving a response to thio-ccPA 

18:1 and represents a type of tumor that is susceptible to the actions of thio-ccPA 18:1.  

 In order to  determine  whether thio-ccPA 18:1  would influence metastatic 

melanoma tumors in vivo, we tested its efficacy using the B16F10 metastatic melanoma 

mouse model (Jiang et al 2007).  We injected B16F10 metastatic melanoma cells into the 

tail vein of C57/Bl6 mice.  Animals were intraperitoneally injected on days 3 and 7 after 
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Figure 5.5.  Inhibition of the LPA3 receptor using siRNA knockdown or LPA3 

antagonists reduces viability of MeWo melanoma cells. (A) MeWo cells were plated 

in 96-wells and transfected with the indicated siRNAs for 24 h prior to the assessment of 

viability. The control, siNegative (non-tar- geting siRNA), was normalized to 100%. *p < 

0.05 and **p < 0.01 vs. siNegative control. (B) The agonist, VPC31144(S) for LPA1/3, 5 

μM was added to either MeWo cells or OVCAR-3 cells in 96-well plates in serum-free 

medium and compared to control, serum-free medium alone. *p < 0.05 comparing 

agonist to untreated in each group. (C) MeWo or OVCAR-3 cells were plated in 96-wells 

prior to transfection with the indicated siRNA conditions. The LPA1/3 antagonist, 

VPC32183 (20 μM) was added to the cells and viability was assessed. *p < 0.05, ***p < 

0.001 comparing treated vs. untreated in each trans- fection condition. (D) MeWo cells 

were plated in 96-wells prior to transfection with the indicated siRNAs for 24 h and 

treatment with Thio-ccPA 18:1 (50 μM) in serum-containing medium. Cell viability was 

assessed and the siNegative control was normalized to 100%. ***p < 0.001 comparing 

treated vs. untreated in each transfection condition. 
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intravenous cell injection with 200 μg (10 mg/kg per dose) concentrations of thio-ccPA 

18:1 or PBS (Control).  Mice were then sacrificed 21 days after the initial injection of 

B16F10 cells, and tissues were fixed and analyzed for the number of metastases. 

Treatment with thio-ccPA 18:1 significantly reduced the number of pulmonary metasta- 

ses in mice as compared to the control treatment (p < 0.01, Figure 5.6A, B and C). In 

addition to the effect on pulmonary metastasis, all control animals (N = 17) had 

metastatic lesions to organs outside of the lungs,  whereas only twenty percent (N = 2/10) 

of thio-ccPA 18:1 treated animals had detectable non-pulmonary metastases (Figure 

5.6D). 

 If expression patterns reflect biomarker signatures that confer susceptibility to 

thio-ccPA 18:1, we were curious how prevalent high levels of ATX and the LPA3 

receptor expression are in melanoma.  For this we profiled gene expression microarray 

data downloaded from the NCBI Gene Expression Omnibus.  Among patient specimen 

datasets (GSE7553, N = 87) (Riker et al 2008), gene expression analyses reveals 

significant variation of LPA3 receptor expression in metastatic melanoma (Figure 5.7A), 

suggesting that not all types of advanced melanoma might be strongly susceptible to thio-

ccPA 18:1.  This is consistent with the variation in LPA3 receptor expression we 

observed among melanoma cell lines.  We also detected a significantly increased level of 

ATX among metastatic melanoma specimens (N= 40) compared with basal cell 
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Figure 5.6. Thio-ccPA 18:1 reduces metastatic melanoma lesions in murine lungs. 

C57/BL6 mice (N = 27) were injected with 5 × 104 B16F10 cells into the tail vein. Thio-

ccPA 18:1 was administered on days 3 and 7 during the 21-day study. (A) Necropsy 

images of left lung lobes demonstrate the presence of tumor. Quantification of tumor 

revealed a reduction in nodules on the lungs shown as both scatter (B) and bar (C) 

graphs. **p < 0.01 comparing control (PBS) with thio-ccPA 18:1 treated groups. (D) 

Quantification of additional lesions detected on organs outside the lungs (kidney, liver, 

pancreas and intestines) and presented as a percentage of mice in each group (Control N 

= 17, 100%; thio-ccPA 18:1 N = 2 of 10, 20%; thio-ccPA 18:1). 
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carcinoma (N = 15), normal skin (N = 5) and squamous cell carcinoma of the skin (N = 

11) (Figure 5.7B and 5.7C).   ATX expression in primary melanoma (N = 14) is also 

increased in comparison to melanoma in  situ,  basal  and  squamous  cell  carcinoma.  

Taken together, the data suggests that a portion of metastatic melanomas, estimated at 

approximately 20%, express high levels of ATX and/or the LPA3 receptor and this 

population represents the most appealing pool for therapeutic intervention. 

 

 

 

Figure 5.7.  A subset of melanomas express high levels of the LPA3 receptor and 

ATX. Gene expression microarray data was downloaded from the NCBI Gene 

Expression Omnibus containing patient specimen datasets (GSE7553, N = 87). The genes 

(A) LPA3 and (B and C) ATX (ENPP2 A and B) were selected and the data was 

converted into box plot graphs to demonstrate the range of expression levels among these 

genes. 
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Discussion 

 Thio-ccPA 18:1 is a unique compound with multiple targets. Biological testing of 

thio-ccPA 18:1 demonstrated it is an antagonist of the LPA1 and LPA3 receptors along 

with its activity as an effective inhibitor of ATX  (Prestwich et al 2008). Thus, the 

compound is described as having a "one-two- punch" (Jiang et al 2007) because it 

inhibits the generation of LPA and the initiation of LPA-mediated signaling through  

LPA1 and LPA3 receptors.  In this study, we demonstrate the in vitro and in vivo efficacy 

of thio-ccPA 18:1 and describe its dualistic mechanism of action, responsible for 

decreasing in vitro viability in melanoma cells.  Either addition of thio-ccPA 18:1 or 

siRNA for the LPA3 receptor significantly reduces A375, MeWo and B16F10 melanoma 

cell viability in vitro suggesting that the effects may be generalizable to melanoma cells. 

In addition, siLPA3 reduces the membrane integrity and proliferation of A375 cells and 

alters cell morphology.  Neither thio-ccPA 18:1 nor siLPA3 induced nuclear 

fragmentation (unpublished observations), suggestive of a non-apoptotic mechanism of 

reduced cell viability.  We also show that in vivo treatment with thio-ccPA 18:1 inhibits 

B16F10 cell metastatic lesions that develop in the lungs and prevents the spread of 

metastases to distant organs. 

 Previous studies have examined carba analogues of cyclic phosphatidic acid that 

inhibit ATX activity. Our collaborative study suggested that ATX is a major mediator of 

melanoma metastasis in vivo and cancer cell invasion in vitro and that these analogues 

work effectively by inhibiting ATX activity, without receptor antagonism (Baker et al 

2006).  Indeed, studies demonstrating the anti-metastatic capability of ccPA compounds 

suggested this effect did not require inhibition of LPA receptor activation (Uchiyama et 
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al 2007).  However, these observations did not address whether coupling ATX  inhibition  

with  receptor  blockade  would be more effective than targeting ATX alone or whether 

different populations of melanoma cells have specific LPA receptor targeting 

susceptibilities. 

 Other studies have confirmed that ATX inhibitors reduce melanoma cell 

migration and invasion (Saunders et al 2008).  ATX continues to be an important 

therapeutic target for cancer because it may be involved in protecting cells from 

apoptosis-induced chemotherapy (Samadi et al 2009).  Besides melanoma, ATX may also 

play a role in the motility of glioblastoma cells, which may be critical due to the high 

expression of ATX among the CNS and glioblastoma multiforme (Kishi et al 2006). We 

have also shown that carba analogues of cyclic phosphatidic acid inhibit the LPA-

stimulated motility of prostate cancer cells (Hasegawa et al 2008).  In other diseases, 

ATX may provide a useful serum biomarker for follicular lymphoma (Masuda et al 2008) 

and chronic hepatitis C (Watanabe et al 2007). 

 Unlike ATX, there are few studies devoted to the investigation of the efficacy of 

targeting the LPA3  receptor.  Our current study enhances the biological understanding of 

LPA3 receptor function and these findings are a major novelty of this study.  Our 

previous study suggested the increased presence of any of the LPA1, LPA2 or LPA3 

receptors enhances tumorgenicity and aggressiveness of ovarian cancer (Yu et al 2008).  

Thus far, the only known independent function of the LPA3 receptor occurs in 

reproductive biology where it regulates embryo implantation and spacing (Ye et al 2005).  

Another study suggests women with endometriosis have decreased expression of the 



 

148 

LPA3 receptor in the endometrium, suggesting a hypothesis for their observed subfertility 

(Wei et al 2009). 

 The study presented herein is the first to suggest that the LPA3 receptor plays a 

crucial role in melanoma cell viability in vitro.  This is the first study to characterize this 

unappreciated mechanism of action of the novel compound, thio-ccPA 18:1. It fills a gap 

in our knowledge about novel ccPA compounds designed to inhibit LPA signaling 

because it highlights a role for receptor antagonism, in addition to blocking ATX activity. 

The fact that compounds which inhibit ATX are potent agents against tumor progression 

is intriguing but leads to an obvious mechanistic question - why does inhibiting the 

production of LPA have potent biological effects? Based on our data, we hypothesize that 

the lack of LPA production resultant from ATX inhibition leads to a critical reduction of 

LPA receptor-mediated survival signaling required for viability among specific 

populations of melanoma cells. 

 One limitation of our study surrounds the intrinsic properties of siRNA and their  

utility.  We used gene silencing to target individual LPA receptors to verify the receptor 

antagonist properties of thio-ccPA 18:1; however, off-target activity of siRNAs can lead 

to complex interpretations of observed phenotypes. Studies using microarray gene 

expression profiling previously supported the notion that induction of siRNA would 

specifically silence the intended target but it is now acknowledged that off-target activity 

can occur and is not ameliorated by decreasing the siRNA concentration (Jackson and 

Linsley 2010).  In our study we cannot rule out the possibility that siRNA of the LPA3 

receptor (or siRNA for ATX or any other LPA receptor) may have off-target effects 

through microRNA-like down regulation; however, we are using pooled siRNA reagents 
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which reduces the overall number of off-targets through competition among siRNAs. In 

addition, we observe a similar reduction in cell viability using either thio-ccPA 18:1 or 

VPC32183. This suggests both the receptor antagonism of the compounds and siRNA are 

all targeting the same receptor and the phenotype is identical. Therefore, this limitation is 

not a major concern since specific antagonists targeting the LPA3 receptor significantly 

reduced cell viability in MeWo cells. Finally, we used a novel approach of ion 

chromatography and UV detection to demonstrate that the siRNA was incorporated into 

the cells. This technique showed that each of the four siRNAs contained in the 

SMARTpool entered the cells. 

 The findings of our study have several future therapeutic and translational 

potentials. The data suggests targeting the LPA signaling pathway has efficacy against 

tumor progression, in particular against metastatic melanoma.  It compliments previous 

studies (Baker et al 2006, Uchiyama et al 2007) and strengthens a need for further 

research using melanoma models that we are currently undertaking. The pattern of LPA 

receptor expression in melanoma cells may be important to understanding how the 

elimination of one receptor, which is presumably part of a redundant signaling family, 

results in a marked decrease in viability.  For example, Lee et al. suggested that it is not 

merely the expression of the LPA1 receptor which controls LPA-mediated cell motility as 

previously suggested (Hama et al 2004), but the lack of LPA4 receptor expression that 

affects motility as it would otherwise regulate function of the LPA1 receptor (Lee et al 

2006a).  A similar dualistic mechanism could account for LPA-mediated cell viability 

and that expression of this yet unknown counter-regulating protein or receptor is absent 

in these melanoma cells.  Finally, it is important to clarify the molecular mechanism of 
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action of pharmaceutical compounds to improve lead compound design and predict 

potential side effects that may appear during clinical and preclinical trials so they can be 

monitored and managed appropriately. 
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CHAPTER 6 

 

THE IN VITRO CHARACTERIZATION OF A NOVEL INHIBITOR OF 

AUTOTAXIN
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1 Molly K. Altman, Mandi M. Murph, Glen Prestwich. To be submitted to ACS Medicinal 

Chemistry. 
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Abstract 

Autotaxin is an enzyme discovered in conditioned medium of cultured melanoma 

cells and identified as a protein that strongly stimulates motility. This unique 

ectonucleotide pyrophosphatase and phosphodiesterase facilitates the removal of a 

choline headgroup from lysophosphatidylcholine to yield lysophosphatidic acid, which is 

a potent lipid stimulator of tumorigenesis. Thus, autotaxin has received renewed attention 

because it has a prominent role in malignant progression and represents a promising area 

of research with significant translational potential. Since autotaxin inhibitors may have 

broad implications for therapy, we sought to create a novel series of inhibitors for use 

against cancer, especially melanoma. A set of vinyl sulfone analogs of 

lysophosphatidylcholine were synthesized by our collaborator that function as inhibitors 

of autotoxin and inactivate the enzyme. We commenced with biological testing of the 

compound autotaxinab in vivo (in vitro data not shown). Most importantly, the vinyl 

sulfone significantly inhibited melanoma progression in an in vivo tumor model by 

preventing angiogenesis. Taken together, this suggests that the vinyl sulfone is a potent 

irreversible autotaxin inhibitor with significant biological activity. 
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Introduction 

The ectonucleotide pyrophosphatase/phosphodiesterase 2 or its more common 

designation autotaxin, is an enzyme with lysophospholipase D activity that converts 

lysophosphatidylcholine to lysophosphatidic acid (Umezu-Goto et al) by hydrolyzing the 

choline headgroup from lysophosphatidylcholine.  After its isolation from conditioned 

medium of melanoma cells (Stracke et al 1992), it was discovered to play a major role in 

the development of both the vascular (Albers et al 2010, Tanaka et al 2006) and nervous 

systems as well as malignancy (Liu et al 2009a) (Liu et al , Liu et al). In particular, 

autotaxin functions negatively in many cancers to increase growth factor signaling, cell 

survival, proliferation and migration, including pancreatic cancer (Nakai et al), cutaneous 

and uveal melanoma (Altman et al , Baker et al , Singh et al), breast cancer (Liu et al), 

follicular lymphoma (Masuda et al), glioblastoma multiforme (Kishi et al) and 

gynecologic malignancies (Tokumura et al). In addition, autotaxin also protects cancer 

cells from chemotherapy-induced apoptosis (Samadi et al), which would significantly 

complicate treatment and result in worsened outcomes when autotaxin is present in the 

tumor microenvironment. 

Another occurrence affecting cancer treatment is angiogenesis. This is the process 

whereby tumors develop blood vessels to access nutrients and oxygen from circulation 

and is necessary for tumor growth beyond 1 mm, at which point necrosis occurs in 

otherwise hypoxic tissues. To state succinctly – angiogenesis is required for cancer 

progression. Without angiogenesis, the growing tumor will not thrive and will remain 

small. Because of this dependency, anticancer therapeutics targeting angiogenesis exploit 

tumors by inhibiting growth factors required for the formation of new blood vessels, such 
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as the vascular endothelial growth factor (VEGF). This and other growth factors are 

secreted by the tumor when it exceeds a certain distance from its primary blood supply 

and senses hypoxia. On the other hand, since the circulatory system is exploited by 

intravenous anticancer therapeutics to reach the insides of tumors, timing is critical to 

properly treat patients with angiogenesis inhibitors. 

Interestingly, autotaxin is a direct and indirect angiogenic factor that stimulates 

human endothelial cells to form tubules and tumors to become more hyperemic (Nam et 

al , Ptaszynska et al). It is thus not surprising that the effect of knocking out autotaxin on 

vasculogenesis results in embryonic lethal mutations in mice embryos which display 

aberrant blood vessel formation upon death (Tanaka et al , van Meeteren et al). 

Mechanistically, an increase in VEGF increases autotaxin expression and/or secretion 

among (at least) ovarian cancer cells, which results in more lysophosphatidic acid and 

also drives cells to produce more of the receptors LPA3, LPA4 and VEGFR2 (Ptaszynska 

et al). This represents a positive feedback loop between autotaxin and growth factors 

involved in angiogenesis, especially since lysophosphatidic acid also stimulates VEGF 

production. 

Because of the critical role autotaxin has in angiogenesis and various malignancies, 

extensive research is devoted to the design, synthesis and evaluation of novel inhibitors 

of autotaxin (Albers et al , Albers and Ovaa , Altman et al , Baker et al , Clair et al , 

Durgam et al , East et al , Ferry et al , Gierse et al , Gupte et al , Hoeglund et al , 

Prestwich et al , St-Coeur et al , Xu et al , Zhang et al) as well as the evaluation of natural 

substances with inhibitory activity (Ueda et al 2010). Interestingly, autotaxin is also 

product-inhibited by both sphingosine 1-phosphate and lysophosphatidic acid (van 
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Meeteren et al), suggesting that these bioactive lipids are capable of regulating their 

synthesis and abundance in the tumor microenvironment. Some of the recently designed 

chemical inhibitors such as HA130 have not possessed the necessary characteristics to 

proceed into clinical development due to a lack of bioavailability or large millimolar 

concentrations required for activity.  

Other studies have elucidated the crystal structure of autotaxin (Nishimasu et al) 

and further described how the enzyme discriminates substrates (Hausmann et al) and 

resulted in novel ideas for the design of additional autotaxin inhibitors. Although adverse 

events are also of concern with autotaxin inhibitors, most chemotherapy produces harsh 

side effects for patients, but is tolerated because of favorable therapeutic indexes and the 

potential for treating a life-threatening illness. Even new targeted biologics possess 

severe unwanted side effects, some even serving as a measure of therapeutic activity, yet 

certain patients are unable to continue using these supposedly “milder” forms of therapy. 

Indeed, we observed the ability of the vinyl sulfone autotaxinab to reduce in vitro 

cell viability, cell motility, wound closure (data not shown) and melanoma growth in 

vivo.  Our collaborators previously synthesized autotaxin inhibitors and our lab examined 

their biological activity against melanoma (Altman et al , Baker et al , Nguyen et al) and 

other malignancies (Xu et al , Xu and Prestwich , Zhang et al).  Since the in vitro activity 

observed by autotaxin inhibitors on melanoma cells is striking, we hypothesized that the 

mechanism of action is a directly-targeted, cellular consequence.  However, we did not 

observe a direct effect against proliferation of melanoma models in vivo.  Instead, the 

animal tumors treated with the highest compound concentration displayed significantly 

smaller tumors than controls and a commercial inhibitor HA130, which resulted from an 
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inhibition of angiogenesis, not mitogenesis. The commercial inhibitor HA130 is a 

reversible inhibitor of lysophospholipase D activity in ATX and thereby is able to reduce 

circulating LPA levels when injected into mice so it was a good comparison for our 

experimental compound autotaxinab (Albers et al 2010).  Herein we report the in vivo 

characterization of the novel vinyl sulfone autotaxinab and its action against the 

progression of melanoma via angiogenesis inhibition. 

 

Experimental Methods 

Cell Culture  

Cell lines were acquired from the American Type Culture Collection or ATCC 

(Manassas, VA). The human cancer cell line MeWo fibroblast malignant melanoma cells 

were cultured in supplemented 5% FBS in RPMI (Mediatech).  

Materials and Reagents 

Oleoyl lysophosphatidic acid was purchased from Avanti Polar Lipids (Alabaster, 

AL) and reconstituted in chloroform and methanol. Prior to cell incubation, organic 

solutions were removed and lysophosphatidic acid was added in 0.1% charcoal-stripped 

BSA.  Dimethylformamide (DMF) (Sigma-Aldrich) <1% in ultrapure water was used to 

reconstitute the HA130 compound (Echelon Biosciences, Salt Lake City, UT).  

 

Animal model of melanoma 

Six-week old female athymic nude mice acclimated to the animal facility for one 

week prior to the study commencement. Animals were anesthetized before tumor cell 

injection into their right flank with Glycosan Extracel
®
 (BioTime, Inc, Alameda, CA) 
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containing approximately 1x10
6
 MeWo cells per 0.15 mL injection. Extracel

®
 was used 

in this study over traditional Matrigel to eliminate potential interference of exogenous 

mouse growth factors which could have affected our in vivo study.  In addition, Glycosan 

Extracel
®
 allows us to conserve resources through the achievement of a 100% tumor 

efficiency rate, whereby this rate is typically unachievable otherwise. Injected mice were 

measured for tumor formation, tumor volume, body weight and body conditioning scores.  

After three weeks, 100% of mice displayed tumor formation at which time they 

were randomized into treatment groups; control, autotaxinab at 20 mg/kg or 50 mg/kg 

dose per 0.1 mL injection. Mice in each treatment group were anesthetized (2-4% 

isofluorane) before i.p. treatment injections three times a week over the course of the 65-

day study.  The animals were euthanized according to the animal use protocol approved 

by the University of Georgia IACUC committee. The tumor volume (mm
3
) was 

calculated using the equation: tumor volume = (width)
2
 x length/2, and then graphed 

using GraphPad Prism (La Jolla, CA).  The tumor volume for each group and overall 

significance was plotted. 

 

Tumor specimen sectioning and fluorescence 

Melanoma tumors were dissected from the right flank of athymic nude mice and 

flash-frozen with cryomatrix (Thermo Fisher Scientific Inc, Waltham, MA) in 2- 

methylbutane (Sigma) and cooled to -140°C. Cryopreserved tumors were cut in 9 μm 

sections using a cryostat (Thermo Fisher Scientific) and then mounted on microscope 

slides. Hematoxylin and eosin staining was performed according to standard protocols 

and processed for pathological evaluation.  
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For tissues stained with antibodies specific for immunofluorescence, tissue sections 

first were blocked for 30 min in 5% donkey serum (Jackson ImmunoResearch 

Laboratories Inc, West Grove, PA, USA) diluted in phosphate-buffered saline (PBS) for 

30 min at room temperature. The tumor sections were then incubated in primary 

antibodies at 4°C overnight using a humidity chamber. The following day slides were 

washed with PBS and the primary antibody was detected using a fluorescent secondary 

antibody. After washing the slides again with PBS, they were mounted with Permount 

(Thermo Fisher Scientific) and imaged using an X71 inverted microscope (Olympus, 

Center Valley, PA) at 20x magnification.  Overlapping pictures were aligned to generate 

an image of an entire tumor cryosection. Ki-67 positive staining intensity was determined 

by tracing the area of interest for each specimen. The Image-Pro Precision Software 

(Media Cybernetics, Bethesda, MD) was used to calculate the staining intensity with in 

the area of interest for each tumor specimen. Tumor area was calculated automatically 

using the polygon tool in Image-Pro Precision software.  Once the area was defined in the 

program, the pixel staining intensity of Ki-67 was determined by Image-Pro Precision 

software.  The average pixel staining intensity per area measurement was plotted.  

 

Quantitative real time PCR analysis 

Gene expression was measured in xenograft tumors of aythmic nude mice. 

Cryopreserved tumors were cut in sections using a Thermo Fisher Scientific cryostat and 

razor blade. Cut specimens were weighed and 1.0 mL of TRIzol reagent (Life 

Technologies, Grand Allen, NY, USA.) was added per approximately 0.1 g of specimen. 

The samples were homogenized in TRIzol reagent using a Sonic Dismembrator (Fisher 
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Scientific) prior to RNA isolation and preparation for qRT-PCR. The RNA from the 

tumor samples was converted to cDNA using an iScript cDNA Synthesis kit (Bio-Rad, 

Life Science, CA, USA). The following specific primers were selected from PrimerBank 

(pga.mgh.harvard.edu/primerbank/), to measure human gene expression in xenograft 

tumor specimens: ATX (5´- CTTTCGGCCCTGAGGAGAGTA -3´ and  

5´-AGCAACTGGTCTTTCCTGTCT-3´);  

CXCR2 (5´CCTGTCTTACTTTTCCGAAGGAC-3´ and  

5´-TTGCTGTATTGTTGCCCATGT-3´);  

VEGFR1 (5´-TTTGCCTGAAATGGTGAGTAAGG-3´ and 

5´-TGGTTTGCTTGAGCTGTGTTC-3´);  

VEGFR2 (5´-GGCCCAATAATCAGAGTCGCA-3´ and  

5´-CCGGTGTCATTTCCGATCACTTT-3´). 

 

Cytokine analysis 

Whole blood was collected from animals at necropsy in BD Blood Serum 

Collection Tubes and placed on ice until processed for serum collection. Serum was 

collected using sterile Gel BD Blood Serum Collection tubes.  The gel tubes form a 

physical barrier between the serum and plasma and blood cells during centrifugation. 

Tubes contain the blood were allowed to clot at room temperature for 20 minutes.  The 

tubes were then inverted 5 times before they were centrifuged for 10 min at 2000 RCF at 

room temperature.  An approximate volume of 200µL serum was collected from the 

tubes and transferred to small glass vials for storage at -80°C.  The serum was analyzed 

for cytokines, chemokines, growth factors and interleukins using the mouse Bio-Plex, 23-
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Plex panel (Bio-Rad, Hercules, CA) and following the instructions provided by the 

manufacturer. The assay plates were measured using the Bio-Plex Multiplex Suspension 

Array system (Bio-Rad). Serum samples were measured via comparison to an 8-point 

standard dilution series included as an integral component of the high-throughput assay. 

 

Statistics 

The statistical differences were analyzed using an analysis of variance (ANOVA) 

test, followed by Bonferroni’s multiple comparison test between groups using GraphPad 

Prism. When comparing only two groups, the Student’s t-test was used. Where it is 

indicated in the figures, *p < 0.05 **p < 0.01 and ***p < 0.001 indicate the levels of 

significance.  Error bars are standard error of the mean.   

 

Results 

Biological Activity 

In order to determine whether autotaxinab possessed in vitro biological activity, 

studies were conducted in our lab to explore the functional potency of autotaxinab against 

cell viability (data not shown). For the in vitro studies, multiple cancer cell lines were 

used to represent a wide range of subtypes including HT-29 (colon), PC-3 (prostate), 

MDA-MB-231 (breast), MeWo (melanoma), SB-2 (melanoma), OVCAR-3 (ovarian) and 

SKOV-3 (ovarian) (data not shown). In all cell lines, autotaxinab reduced cell viability 

and migration to some extent.  Interestingly, autotaxinab had strong activity against 

MDA-MB-231 cells but was effective against all cell lines tested (data not shown). 
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In light of the fact that this data suggested autotaxinab had significant biological 

activity in vitro, we wanted to next assess whether it also had in vivo activity.  Since there 

is a dearth of clinical therapeutics to treat melanomas lacking BRAF mutations, we 

examined autotaxinab in an animal model of melanoma. After establishing small 

pigmented melanoma tumors using MeWo cells injected with Glycosan Extracel
®
, the 

mice were randomized into groups and then treated every-other-day with either diluent 

(control), autotaxinab at 20 mg/kg or autotaxinab at 50 mg/kg, which began 21 days post 

tumor cell injection. Prior to day 45, the tumor sizes in all groups appeared identical, but 

then began to diverge with the control groups displaying a linear rate of growth (Figure 

6.1A). The group of mice treated with 20 mg/kg of autotaxinab also showed linear 

growth around day 50. On day 57, the tumor sizes between groups achieved statistical 

significance (Figure 6.1A, *p<0.05, 50-40 mg/kg autotaxinab vs. control; day 65 - 

***p<0.001, 50-40 mg/kg autotaxinab vs. control) and this trend continued through the 

conclusion of the study, whereby control groups reached maximum allowable tumor 

volume.  In comparison, the mice that were treated with  

Of note is that on the 46
th

 day of the study, the group of mice treated with 50 

mg/kg of autotaxinab looked severely dehydrated and required medical intervention. 

Unfortunately, one mouse in the 50 mg/kg group (with an infinitesimally small tumor and 

no signs of ascites) rapidly declined in health and then died the following day, even after 

veterinarians helped treat the mouse for this condition. Thus, on the 48
th

 day, we reduced 

the concentration of autotaxinab to 40 mg/kg (marked with an arrow) so that the 

experiment could continue safely without any other treated mice succumbing to the 

unspecified side effects of autotaxinab. Subsequently, all of the mice in this group were 
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then fed a special diet to curb dehydration, in addition to their regular chew pellets and no 

others were lost before the date of necropsy. 

Upon necropsy, we collected tissues and serum from all mice remaining in the 

study. We then measured the mouse serum for 25 different secreted factors, including 

cytokines, chemokines, interleukins, etc. Understanding that many interleukins would 

only be expressed by animals with immune-intact systems, we also coupled this study to 

another whereby we treated C57/Bl6 animals with autotaxinab and measured their serum 

(data not shown). Interestingly, the most significant decrease in chemokines among 

treated animal serum from the present study was the keratinocyte chemoattractant (KC, 

also referred to as Chemokine C-X-C Motif Ligand 1 (CXCL1) or the Melanoma Growth 

Stimulating Activity Alpha protein) (Figure 6.2C, *p<0.05, ***p<0.001). The 

KC/CXCL-1 chemokine is homologous to the human growth regulated oncogene alpha 

(GRO-alpha), which is regulated by lysophosphatidic acid (Lee et al) and associated with 

cancer progression (Loukinova et al). Since chemokines are often significantly 

upregulated during tumorigenesis and melanoma tumor cells are known to secrete 

KC/CXCL-1 (Richmond et al), which also serve to exert signaling effects on endothelial 

cells, this chemokine may be a biomarker for the in vivo activity of autotaxinab in this 

model. 

We then sectioned and stained tumor specimens with hematoxylin and eosin for 

pathology analysis of the tissues. Intriguingly, the percent of necrotic tissue within the 

tumor of the animals treated at the highest concentration of autotaxinab (40-50 mg/kg) 

had significantly more necrosis than control (**p<0.01) and 20 mg/kg treated animals 

(*p<0.05) (Figure 6.2D). In addition, the endothelial cells and state of the tumor 
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specimens were examined. One hundred percent of the control specimens contained 

viable endothelial cells. This was in contrast to 20 mg/kg treated animals, of which 50% 

contained only viable endothelial cells present and the other 50% of specimens displayed 

mixed areas with viable endothelial cells and also necrotic endothelial cells (Figure 

6.3E). Most interesting was that 100% of specimens from animals treated with 40-50 

mg/kg of autaxinhib contained necrotic endothelial cells in close proximity to necrotic 

malignant cells. Taken together, the data suggests an anti-angiogenesis mechanism of 

action for autotaxinab. In support of this idea, we stained tumor sections with Ki-67 and 

detected no significant differences between specimens (Figure 6.3). 

In order to help infer whether the autotaxinab compound was able to inhibit its 

target in vivo, we isolated RNA from tumor specimens for analysis using quantitative real 

time PCR. Indeed, we observed that tumors from animals treated with 20 mg/kg of 

autotaxinab had approximately 50% of the autotaxin compared to the control group 

(**p<0.01). More importantly, tumors from animals treated with 40-50 mg/kg of 

autotaxinab showed a significant reduction in comparison to controls (~75%, 

***p<0.001). We also examined the expression of receptors that are involved in 

angiogenesis, including CXCR2, VEGFR1 and VEGFR2, but did not observe any 

significant changes. This suggests that treated tumors manifested significant reduction in 

the expression of autotaxin. 
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Figure 6.1. Autotaxinab inhibits tumor progression in a melanoma mouse model. 

Autotaxinab blunts tumor progression by inhibiting angiogenesis in a melanoma mouse 

model. (A) Animals with melanoma tumors were treated with the indicated 

concentrations of autotaxinab and established tumors were measured with calipers every 

other day. The arrow indicates the reduction of dosage from 50 mg/kg to 40 mg/kg on 

day 47 (see text for details). *p<0.05 and ***p<0.0001, control vs. 50-40 mg/kg.  Means 

are ± SEM. (B) Images of tumors on day 57 from control and treated animals. (C) 

Animals were treated with a commercial inhibitor of autotaxin HA130 at a dosage of 30 

mg/kg as a positive control and comparison. **p<0.001, error bars are ±SEM. 
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Figure 6.2. Autotaxinab inhibits angiogenesis and serum autotaxin levels. (A) Serum 

was collected and analyzed for KC/CXCL1. *p<0.05, control vs. 20 mg/kg and 

***p<0.001, control vs. 50-40 mg/kg. (B) Quantification of specimens in the pathology 

report indicates the increase in tumor necrosis among animals treated with 50-40 mg/kg 

of 10b. **p<0.01, control vs. 40-50 mg/kg and *p<0.05, 20 mg/kg vs. 40-50 mg/kg. (C) 

Analysis of tumor specimens for regions with endothelial cells present indicates 

differences among the groups. (D) Animals treated with 10b displayed reduced amounts 

of autotaxin mRNA in tumors. **p<0.01 and ***p<0.001, comparing drug treated 

animals to controls using ANOVA followed by the Bonferroni multiple comparison test. 
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Figure 6.3. Immunofluorescence staining of Ki-67 positive cells in MeWo tumors 

treated with autotaxinab. Proliferation of tumor specimens was not significant, 

comparing control and treated animals. Tumors were sectioned and stained for Ki-67. 

Shown is the bar graph of average regional intensity of Ki-67 fluorescence and 

representative images of the stained sections. 
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Discussion 

Herein we report the in vivo characterization of a vinyl sulfone analog autotaxinab, 

which we demonstrate is a novel inhibitor of autotaxin with activity against melanoma in 

vitro and in vivo.  Our lab observed the in vitro activity of the vinyl sulfone against 

viability and migration among multiple cancer cell types (data not shown). Most 

importantly, we observed the inhibition of tumor progression using an in vivo model of 

melanoma. Taken together, our data suggests that the vinyl sulfone autotaxinab is a 

potent small molecule inhibitor of autotaxin with biological activity against its target, 

which reduces viability of cancer cells. 

The vinyl sulfone compound compares very favorably against other compounds 

synthesized to inhibit autotoxin such as the commercial inhibitor HA130.  The first 

known inhibitor of autotaxin was L-histidine, but this molecule was limited in its 

application due to the millimolar concentrations of L-histidine required to inhibit the 

lysophospholipase D activity of autotaxin (Clair et al).  However, this report was the first 

to provide a proof-of-concept study that spawned other ideas for future innovation. Using 

a chemical library screening approach and ~40,000 drug-like small molecules, other 

groups have identified thiazolidinediones as autotaxin inhibitors that could be enhanced 

after the addition of a boronic acid moiety to achieve lower IC50 levels (Albers et al).  

Our approach avoided the necessity to screen tens of thousands of compounds and was 

achieved through the rationale design. 

We, and other groups, have also taken advantage of cyclic phosphatidic acid, a 

naturally occurring molecule that inhibits autotaxin and is an analogue of 

lysophosphatidic acid. Manipulating the compound structure to yield 3-carba analogues 
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of cyclic phosphatidic acid produced potent inhibitors of autotaxin that were effective in 

vivo (Baker et al). Similarly, a phosphonothionate analogue of carba cyclic phosphatidic 

acid also yielded a compound that inhibited the lysophospholipase D activity of 

autotaxin, the viability of melanoma cells and reduced melanoma metastasis in vivo 

(Altman et al).  A recent study reported the evaluation of the stereoisomers of 3-carba 

cyclic phosphatidic acid, which are agonists of the LPA5 receptor, yet inhibits melanoma 

metastasis in vivo (Gupte et al). 

There are several differences between these reports and our most recent report 

discussed here. Foremost, the vinyl sulfone is a novel inhibitor of autotaxin.  Secondly, in 

previous studies we focused exclusively on advanced, metastatic models of melanoma 

(Altman et al , Baker et al).  Herein, we established a solid melanoma tumor at one 

primary site, which is ideal for assessing the effects of angiogenesis.  In this melanoma 

model, the tumors were highly pigmented, allowing for ease of visualization and 

measurements.  

Through this tumor model, we discovered that the mechanism of action of 

autotaxinab in vivo is angiogenesis, which is not what we had predicted based on the data 

cultivated from our in vitro studies. Since we detected reduced viability in the presence of 

autotaxinab, we hypothesized that autotaxinab had a direct effect against tumor cells, 

possibly an inhibition of mitogenesis. However, mitogenesis inhibition is not what we 

discerned in animals, rather it was angiogenesis inhibition. Interestingly, the angiogenic 

response of autotaxin was previously described as “comparable to that elicited by VEGF” 

(Nam et al). Thus, our data is consistent with the known properties of autotaxin.  
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It is highly likely that 50 mg/kg (or very close to) is the MTD for autotaxinab, 

certainly without supportive therapy for the animals. One treated mouse (50 mg/kg) died, 

presumably to the unspecified side effects of autotaxinab since it had only a miniscule-

sized tumor and no obvious signs of metastases. The fact that a mouse possibly 

succumbed to side effects is consistent with the harsh adverse drug events manifested by 

angiogenesis inhibitors used in treating patients with cancer. For example, bevacizumab 

contains several black-box warnings, which includes: fatal hemorrhage, increased arterial 

thromboembolic events (myocardial infarction and stroke), gastrointestinal perforation 

and complications to wound healing which requires discontinuation of the drug at least 

28 days before surgery (Genentech). These black-box warnings are in addition to the 

other known drug toxicities of bevacizumab including hypertension, proteinuria and 

central nervous system events (e.g. dizziness, depression, headaches, seizure, lethargy, 

visual disturbances, etc.) (Chu and DeVita). 

Although autotaxinab (40-50 mg/kg) was capable of sustaining an inhibition on 

tumor volume for approximately 53 days after the injection of tumor cells, the sizes of 

tumors in the highest treated group of animals started to increase on day 54. This was 6 

days after we had reduced the dosage in this group from 50 mg/kg to 40 mg/kg. We 

cannot be certain whether this shift from static to growing tumors was due to the dosage 

reduction, chemoresistance or another factor. However, it is reasonable given the fact that 

autotaxin works similarly to VEGF, that inhibiting both would be required to sustain a 

long-term response against tumor angiogenesis.  

Nevertheless, it was very exciting to observe the ability of autotaxinab to prevent 

melanoma tumor progression in animals. Advanced melanoma is a particularly difficult 
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type of cancer to treat because it is unresponsive to traditional chemotherapy; therefore, 

immunotherapy is typically administered even though responses are achieved in less than 

20% of patients.  In 2011, several new therapeutics for melanoma were approved for the 

first time in over a decade and these included a BRAF inhibitor, which can achieve 

remission for a short period of time. Although these new therapeutics should be 

considered a major breakthrough, they do not achieve cure. Thus, more research is 

desperately needed in this area. Besides melanoma, the compound was also effective 

against the viability and migration of MDA-MB-231 breast cells in vitro. This is very 

intriguing considering this cell line was isolated from the pleural effusion of a patient and 

represents a highly invasive triple-negative breast cancer, which is a clinically 

challenging subtype to treat. Taken together, our data supports the use of autotaxin 

inhibitors as a possible combination approach of anticancer therapeutics against the 

progression of melanoma.  
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CHAPTER 7 

SUMMARY AND FUTURE DIRECTIONS 

 The goal of this research was to identify novel features among signaling pathways 

that mediate cell survival and tumor biology in chemoresistant cancers.  Specifically, my 

research focused on understanding the novel role RGS proteins play in growth and 

survival mechanisms that are involved in the development of chemoresistance in ovarian 

cancer.  Another focus of my research was to further characterize a novel therapeutic 

target for malignant melanoma.  My research findings help to fill gaps in knowledge in 

understanding signaling pathways involved in the development of chemoresistance and 

how these pathways can be manipulated to overcome chemoresistance in cancer.    

In chapter 2, we set out to determine what RGS proteins potential functions are in 

ovarian cancer cell survival.  Based on our previous studies examining computational 

bioinformatics, we demonstrated that reduced RGS gene expression develops with the 

occurrence of drug resistance in ovarian cancer cell lines.  Specifically, we showed that 

silencing of RGS10 and RGS17 proteins increases viability of ovarian cancer cells in the 

presence of cell cycle arrest compounds such as paclitaxel. We further examined the role 

of modulating RGS expression on cell differentiation, proliferation, and survival.  Our 

studies showed that reducing levels of RGS10 and RGS 17 proteins enhances ovarian 

cancer cell viability (Hooks et al 2010).   This could be instrumental in ovarian cancer 

cells’ ability to survive in the presence of first line chemotherapeutics.  
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In Chapter 3, we showed that silencing RGS10 in ovarian cancer cell lines 

increases phosphorylation of eukaryotic initiation factor (eIF) 4E, the mRNA 5’ cap-

binding protein (phosphorylated-4E-BP1).  Phosphorylation of 4E-BP1 has been shown 

to be a hallmark of more aggressive cancer phenotypes in prostate cancer and ovarian 

cancer (Castellvi et al 2006, Hsieh et al 2012).  We established that upstream activation 

of 4E-BP1 (phosporylated-Thr37/46) was through mTOR (phosporylated-Ser-2448).  

Based on knowledge of the mTOR pathway, we hypothesized that these phosphorylation 

events and observed differences in cell size were occurring through activation of Rheb, a 

small G-protein.  Based on our experimental results, we have elucidated a novel role of 

RGS10 in the growth and survival signaling pathways involved in the development of 

chemoresistance in ovarian cancer. 

  In chapter 4, we set out to clarify the extent to which RGS5 expression regulates 

tumor progression—whether it plays a pathogenic or protective role in ovarian tumor 

biology.  RGS5 has been previously characterized for its role in angiogenesis during 

metastasis as well as its ability to promote apoptosis in hypoxic environments; however, 

little was known about its role in tumor growth.  To investigate the role of RGS5 in tumor 

biology, we constructed an inducible gene expression system to achieve RGS5 expression 

in HeyA8-MDR ovarian cancer cells.  Through this we observed that inducing RGS5 

expression significantly reduces cell proliferation in HeyA8-MDR cells. Interestingly, 

RGS5 expression did not correlate with a reduction in tumor volume observed using an in 

vivo mouse model of ovarian cancer; however, the mice bearing RGS5-expressing tumors 

demonstrated an increase in survival compared with controls, which might be attributed 

to the vast regions of necrosis observed by pathological examination. Additionally, mice 
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bearing RGS5-expressing tumors were less likely to have ulcerated tumors. Note that 

although survival was increased, this was a modest increase.  Too many single agent 

chemotherapies are thought to be successful, when in actuality they are not.  This study 

supports the idea that temporal expression and stabilization of RGS5 could be a valuable 

tactic within the context of a multi-component approach for modulating tumor 

progression (Altman et al 2012).  

In chapter 5, the importance of LPA stimulated G-protein coupled receptor 

signaling in melanoma growth and viability is discussed in the context of developing a 

new inhibitor of autotoxin the enzyme that produces LPA.  Autotaxin is an enzyme that is 

found in the media of cultured melanoma cells.  Autotaxin is known to promote cell 

motility and it is implicated in malignant progression and more aggressive cancer 

phenotypes (Baker et al 2006).  We demonstrated the ability of thio-ccPA 18:1, a 

stabilized phosphonothionate analogue of carba cyclic phosphatidic acid, to induce a 

reduction in viability of metastatic melanoma cells compared to PBS control treated cells.   

The investigational phosphonothionate analogue serves a dual purpose as an autotaxin 

inhibitor and LPA1/3 receptor antagonist.   Interestingly, transfecting melanoma cells 

with siRNA specific to LPA3 (siLPA3), but not other LPA receptors, simulated the 

effects of thio-ccPA 18:1 on viability (Altman et al 2010).  Our observations required 

further exploration and led us to conduct another study looking at autotaxin inhibition in 

melanoma, which was addressed in chapter 6. 

In chapter 6, we looked at the effects of a vinyl sulfone analogue of 

lysophosphatidylcholine, autotaxinab, which functions to inactivate autotaxin activity.   

We demonstrated the novel compound autotaxinab functions in vivo to reduce tumor 
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progression in melanoma.  Notably, our most valuable observation with the compound 

autotaxinab was its ability to reduce tumor progression in vivo in a primary xenograft 

model of melanoma in correlation with a reduction in markers of angiogenesis, as 

compared to another autotaxin inhibitor, HA130.   This study further supported our 

findings that novel inhibitors of autotaxin are promising cancer therapeutics.   

 

Limitations and future directions 

 Limitations of the RGS10 and RGS17 study looking at cellular viability include 

transient transfections despite a >80% transfection efficiency.  It is possible that 

endogenous levels of RGS10 and RGS17 in ovarian cancer are not completely silenced 

by siRNA and are still able to induce effects.  Transfection efficiency is not always 

consistent and long-term duration studies of the consequence of RGS10 suppression are 

limited because of transient transfections. Initially, we were able to stably transfect 

shRNA for RGS proteins and induce gene suppression.  However, we were unable to 

passage cells with stable suppression beyond a certain point limiting reliable and 

consistent knockdown in ovarian cancer cells.  Another issue with stable transfection was 

incorporation of the shRNA in the genome.  It was not tested to see where incorporation 

occurred to ensure that the insert was not in a gene or promoter region of a gene effecting 

its expression.  Given a delivery vector, stable transfections can be dependent on the 

promoter region that is used in the vector.  CMV promoters have been shown to be silent 

in some cell types, so use of the alternative promoters, such as CAG or U6, have been 

shown to be less likely silenced in mammalian cells (Qin et al 2010).   
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 Animal studies looking at the effects of RGS10 and RGS17 suppression in 

ovarian cancer are needed to further investigate their role in chemoresistance.  As we 

have shown the effects of RGS protein modulation are cell type specific.  There are 

RGS10 knock-out mice that result in a severe osteopetrosis phenotype in mice, 

characterized by shortened limbs and stature (Yang and Li 2007).  RGS10 is expressed 

abundantly in the immune system and broad regions within the brain including microglia.  

RGS10-null mice also show increased microglia burden and immune response in the 

CNS (Lee et al 2011).  However, the RGS10 null mutation doesn’t result in spontaneous 

formation of cancers or even increased likelihood of developing cancer in these mice.  

The fact that RGS10 does have a function in the immune system in addition to its role in 

G-protein signaling could lend to its effects seen in chemoresistant ovarian cancer cells.   

Another method of gene silencing that has been recently developed is the 

CRISPR-Cas system that uses nuclease RNA-guided genome editing to rapidly, easily 

and efficiently maximize endogenous gene of interest knockout (Sander and Joung 2014).  

It has been useful in previously difficult to transfect cells and can be used in 

microinjections or to create transgenic animal models.  The CRISPR-Cas system might 

be a great alternative for our laboratory to develop a stable ovarian cancer cell line with 

reduced RGS10 and RGS17 expression to use in an in vivo xenograft model.  However, 

even the CRISPR-Cas system has limitations.  There are off-target effects of using Cas9 

nucleases.  Currently, researchers are working to determine if there are modifications that 

can be made to the Cas9 nucleases to reduce these off-target effects (Sander and Joung 

2014).   



 

176 

We were able to reduce the off-target gene silencing effects in our in vitro studies 

by using SMARTpool technology (Dharmacon).  The off-target activity of siRNAs can 

lead to difficulty in interpreting observed phenotypes. Previous studies using microarray 

gene expression profiling support the concept that induction of siRNA would specifically 

silence the intended target but it is now recognized that off-target activity can occur and 

is not ameliorated by reducing the siRNA concentration (Jackson and Linsley 2010).  In 

our in vitro studies, we cannot rule out the possibility that siRNA of the LPA3 receptor 

(or siRNA for ATX or any other LPA receptor, or RGS protein) may have off-target 

effects through microRNA-like down regulation. However, we are using pooled siRNA 

reagents which reduces the overall number of off-targets through competition among 

siRNAs. 

 The exact evolutionary mechanisms by which cancer cells are able to silence or 

reduce RGS expression in response to chemotherapy are not fully understood.  To 

investigate this further, epigenetic studies of RGS gene expression regulation are needed.  

Researchers have already made great progress in further elucidating epigenetic gene 

regulation of RGS proteins in ovarian cancer.  Ali et al found that the RGS10-1 transcript 

is enriched in CpG dinucleotides and that DNA methyl-transferases (DNMTs) increased 

RGS10 expression in ovarian cancer cells.  In the chemoresistant ovarian cancer line, 

A2780-AD, there are DNA hypermethylated regions in the promoter compared to 

parental cells (Ali et al 2013).  In addition, in this cell line there are decreases in histone 

H3 acetylation corresponding to an increase in histone deacetylase (HDAC) enzymes (Ali 

et al 2013, Cacan et al 2014).  Furthermore, pharmacological inhibition of DNMTs and 

HDAC increases RGS10 expression and cisplatin-induced cytotoxicity in chemoresistant 
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ovarian cancer cells.  These findings support the role of using targets for epigenetic 

mechanisms of gene regulation in combination therapy to overcome chemoresistance in 

ovarian cancer (Cacan et al 2014). 

 In our studies with the immunoprecipitation (IP) of RGS10, we show involvement 

or what we believe to be colocalization of RGS10 and Rheb proteins.  However, it is 

unclear exactly how RGS10 is affecting Rheb activation either as an effector antagonist 

or a guanine nucleotide exchange inhibitor (GDI).  To determine this exact interaction, 

structural inhibition of protein-protein interactions or FRET based assays would be useful 

(Arkin et al 2004).  It would be beneficial to collaborate with another group to perform 

these definitive experiments. 

 For our immunofluorescent experiments, the cellomics machine and its High 

Throughput Content (HTC) software are powerful tools, however, even data collected 

using these methods/tools must be carefully interpreted.  The assay within the software 

that you choose to measure your cellular feature of interest (i.e. cell size, nascent protein 

synthesis) needs to have set parameters between experiments to maintain consistency and 

allow for reproducible and reliable results.  Our measures of cell size (i.e. average cell 

area and parameter) are also affected by cell density.  It is important to ensure ideal cell 

density consistently between experiments.  Overcrowding or sparse cells can influence 

their susceptibility to drugs/inhibitors and stimulus growth factors like LPA as well as 

whether cells shrink, expand, or die in response to these stimuli.  Another method to 

determine cell size is flow cytometry.  Flow cytometry would be a valuable complement 

to our cellomics cell size data, it is a way to measure free floating cells as opposed to 

looking at fixed cells in monolayer.  There are studies validating that data collected with 
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high content imaging correlates well with data assessed using flow cytometry (Trzcinska-

Daneluti et al 2009). 

 In the set of experiments using overexpression constructs, we tested the functional 

consequences of overexpressing RGS5 protein.  We used an inducible pTet Advanced 

vector system to control the expression of RGS5 in HeyA8 MDR cells.  The HeyA8 

MDR cell line was chosen for our studies, because after numerous attempts to stably 

transfect SKOV-3 cells with RGS10, we were unable to successfully create the 

overexpression construct in this cell line.  The SKOV-3 cell line may have some inherent 

feature that doesn’t make them amenable to stable transfections.  Cells that are more 

undifferentiated are more likely to silence the CMV promoter (Saffert and Kalejta 2007).  

The quantity of transfection reagent necessary to incorporate the DNA plasmid vector 

killed all of the SKOV-3 cells during our attempts.  In contrast, the HeyA8 MDR cells 

being an inherently aggressive ovarian cancer phenotype resistant to multiple drugs may 

have acquired features that make the cell line robust enough to tolerate plasmid 

incorporation and toxicity associated with the transfection reagent.  In the future, our 

laboratory could explore possible alternate means of stably transfecting SKOV-3 cells 

such as using lentivirus or an alternate promoter region. 

 In our in vivo pilot studies of RGS5, we looked at the functional consequences of 

overexpressing RGS5 in a xenograft model of ovarian cancer.  We chose to use the pTet 

Advanced vector system with RGS5 gene insertion in HeyA8 MDR ovarian cancer cells 

to limit our induction of the RGS5 gene to the local tumor.  Also, we chose to do 

xenografts with Extracel because of the ease of tumor formation and 100% take rate.  

Although orthotopic in vivo models of ovarian cancer more closely resemble the disease 
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state in humans, ours was a proof of concept study.  The orthotopic model requires an 

invasive surgery in which you can lose mice to anesthesia.  In the orthotopic model, 

tumor take rate may be reduced in addition to having an increased time of tumor 

formation in this model.  Human tumor xenograft models are widely used in preliminary 

anticancer drug studies to study the role of angiogenesis and the microenvironment and 

can be a valuable predictive model (Kerbel 2003).  For all these reasons, our lab chose to 

use a xenograft model of ovarian cancer.    

 An important point is made that sectioning tumors creates a cross section of a 

solid tumor that may not be an accurate representation of the entire heterogeneous tumor.  

On the periphery of a tumor there will be more actively proliferating tumor cells.  In 

contrast, toward the center of the tumor is where there will be more cells that are distant 

from functional vasculature that are exposed to more hypoxic conditions resulting in 

more necrotic tissue regions.  Other ways to measure tumor composition in vivo would be 

functional MRI or PET-CT both of which can be expensive and preliminary without the 

data reported in our study.   In PET-FDG used in oncology, a radioisotope of FDG 

(glucose analog) is used as a biomarker of metabolic activity within a solid gynecological 

tumor.  Diffusion-weighted MRI (DWI) uses imaging of water diffusion molecules to 

compare differences in diffusion between tissue types to determine their functional 

composition.  Tumors that have vast regions of hypoxia or necrosis may not have 

functional diffusion detected by this MRI technique, which does not make this method 

ideal for measuring ovarian lesions. These two methods can often result in false-positives 

(Alvarez Moreno et al 2012).   
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 During our pilot study with RGS5 we did not administer chemotherapeutic drugs 

because we had a limited sample size.  Since the drugs most commonly administered for 

ovarian cancer cisplatin and paclitaxel are very toxic, they would need to be administered 

to the mice via tail vein injections to facilitate systemic circulation.  We chose not to add 

this layer of complexity to our pilot study because we were most interested in 

determining the contribution of RGS5 modulation alone to tumor biology.  In the future it 

would be very valuable to conduct follow-up in vivo studies combining RGS5 modulation 

with the administration of chemotherapeutic drugs to see if it would result in combined 

beneficial therapeutic effects.  Additionally, it would be interesting to look at combining 

different RGS proteins that target different G alpha subunits or other signaling molecules 

to see if this would enhance chemosensitivity in ovarian cancer.  Our preliminary data 

combining RGS protein modulation in vitro was inconclusive (data not shown). 

 In our studies investigating a novel therapeutic target for melanoma, we looked at 

novel inhibitors of ATX that elicit their effects via angiogenesis inhibition.  My 

discussion will focus on the vinyl sulfone analog autotaxinab that was characterized to 

have in vivo effects on tumor growth in melanoma. Specifically, vinyl sulfone derivatives 

are widely characterized as irreversible inhibitors of cysteine protease (Kam et al 2004).  

Cysteine proteinases play a role in numerous physiological processes and their aberrant 

activity can lead to many pathologies including arthritis, neurological disorders, tumors, 

and osteoporosis (Rzychon et al 2004).  The protein enzymes include caspases, 

cathepsins, and calpains and they are involved in protein degradation, antigen 

presentation, fertilization, and cell proliferation to name a few of their functions 

(Chapman et al 1997).  Several studies have characterized the mechanism of action of 
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vinyl sulfone inhibitors and their ability to make covalent modifications to the active site 

of a protein, in this case the protein substrate of lysophosphatidylcholine of autotaxin 

(Kam et al 2004, Kam and Exton 2004) .  In this way, our compound is able to inhibit 

autotaxin through inhibiting its lysophospholipase D activity.   

 In future studies, it would be valuable to make additional comparisons with our 

experimental compound autotaxinab to other cysteine proteases inhibitors.  For example, 

the HIV-1 protease inhibitor, nelfinvar is able to reduce glioblastoma tumor growth in 

nude mice.  The mechanism of nelfinavar induced cell death in this model is 

hypothesized to be through triggering endoplasmic reticulum stress (Pyrko et al 2007).  A 

phase II clinical trial with nelfinavar has been completed by a group that initially looked 

at the drug in vitro.  Previously, the group showed that nelfinavir inhibits in vitro tumor 

growth by suppressing aberrant Akt signaling in adenoid cystic carcinoma (ACC) 

(Hoover et al 2014).  Although, this study was done with in a different tissue type, it 

would be interesting to compare these inhibitors that have presumably different 

mechanisms of action for their efficacy against melanoma tumor growth in vivo.  An 

important point is the efficacy of cysteine protease inhibitors is affected by the presence 

of serum both in vitro and obviously in vivo.  The presence of serum would cause 

cysteine protease inhibitors to lose efficacy and therefore increased concentrations of 

drugs are needed to have beneficial effects.  Future studies examining the efficacy of 

these types of compounds against melanoma cell viability and tumor growth would have 

to account for this limitation. 
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Cancer biology and drug design 

In the treatment of cancer, convention for patient treatment is moving toward 

more personalized medicine which has been driven by the use of bioinformatics in tumor 

analysis and the development of the human cancer genome.  It is increasingly important 

to have a clear picture of the molecular lesions that are present in a particular cancer type 

in order to choose appropriate treatment options and develop strategies to avoid the 

inevitable development of chemoresistance.  Our studies examining computational 

bioinformatics demonstrated that reduced RGS gene expression develops with the 

occurrence of drug resistance in ovarian cancer cell lines.  This is an important 

observation because it may be indicative of a molecular signature associated with 

chemoresistance in ovarian cancer.  Clinically identifying patients with reduced RGS 

expression within their tumor may reveal patients that are susceptible to developing 

resistance to first-line chemotherapeutics.  This knowledge may help oncologists to 

develop unique treatment regimens for this subset of patients as well as provide selection 

criteria for patient candidates in drug trials. 

More advanced clinical understanding of the receptors and enzymes involved in 

chemoresistant malignancies like melanoma is critical to developing therapeutic drug 

targets.   Gene expression array studies in melanoma revealed that there are aberrant 

LPA3 receptor and ATX enzyme expression levels in a subset of advanced malignant 

melanomas.  This information led to the observation that only a subset of melanomas that 

have this specific molecular signature may be responsive to novel therapeutics that are 

aimed at these drug targets.  Pre-clinical testing of these novel compounds is necessary to 
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the successful development of anti-cancer agents that target these specific receptors and 

exploit their involvement in pathways that are implicated in survival and angiogenesis.   

The development of predictive pre-clinical models is highly important to 

furthering therapeutic development in ovarian cancer and melanoma.  As discussed 

earlier, there were limitations to our studies with reduced RGS expression because of the 

inability to maintain stable knockdown in ovarian cancer cells to develop an animal 

model.  In contrast, our studies working to develop an in vivo model of malignant 

melanoma and to test novel compounds in this animal model were more successful. Our 

in vivo melanoma xenograft model was representative of primary skin lesions with 

metastatic potential that are seen in patients that present with malignant melanoma.  The 

development of a successful pre-clinical animal model greatly aided the testing of our 

novel compounds’ efficacy against melanoma.  The data that was collected from these 

studies further solidified that autotaxin inhibitors are viable therapeutic targets for 

melanoma that have potential in other cancers as well (Altman et al 2010). 

Identifying molecular targets in signaling pathways involved with growth, 

survival, and angiogenesis has been central in developing anti-cancer therapeutics.  The 

common thread in many cancers is the ability of cancer cells to rapidly divide and 

proliferate, lending to the fact that standard chemotherapeutic drugs target mechanisms 

that allow cancer cells to do this.  Our observations that modulated RGS protein 

expression counterbalances the effects of cell cycle arrest compounds to influence 

survival and proliferation provides evidence that RGS proteins contribute to survival 

signaling pathways.  Coupled to the fact that many ovarian cancer patients develop 
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resistance to initially effective chemotherapy, these observations lend to the idea that 

RGS proteins should be further investigated as potential therapeutic targets.   

The signaling network comprised of PI3K, AKT, and mTOR influences most of 

the hallmarks in cancer, including growth, survival, and angiogenesis (Fruman and 

Rommel 2014).  Appreciated as a master regulator in many cellular processes, mTOR is 

recognized as an attractive anti-cancer target.  However, inhibitors of mTOR have been 

used in the clinic with varying levels of success in ovarian cancer, glioblastoma, and 

basal cell carcinoma mainly due to genetic mutations that affect the sensitivity of these 

cancers to mTOR inhibitors  (Gini et al 2013, Jardim et al 2014).  Based on the genetic 

make-up of a particular cancer, using mTOR inhibitors in combination with other anti-

cancer therapeutics may be advantageous (Fruman and Rommel 2014).  The rationale for 

targeting the mTOR signaling network is rooted in the foundation of cancer genetics and 

molecular cell biology studies.  Despite some of the challenges in using mTOR 

inhibitors, such as their effects on the immunity and metabolism, noticeable advances 

have been made in the clinic.  Alternative targets within the PI3K, AKT, mTOR pathway 

are being investigated in preclinical studies that target cap-dependent translation in 

cancer cells (Lindqvist and Pelletier 2009).   Therefore, our observations that RGS10 

suppression in ovarian cancer cells increases phosphorylation of 4EBP1 and has effects 

on cell growth via the mTOR pathway could be important in developing combinatorial 

treatments for ovarian cancer. 

The standard drug development path for a targeted anti-cancer drug requires 

confirming single-agent efficacy before testing the drug in combination.  It has been 

observed in the clinic in several malignancies that endothelial cells within solid tumor 
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neovasculature are particularly sensitive to radiotherapy (Rao et al 2014).  These 

observations are also leading to the awareness that certain chemotherapies may target 

these sensitive neovascular endothelial cells in tumors and enhance treatment (Rao et al 

2014).   There is increasing evidence for changing the single-agent testing paradigm to 

examine the efficacy of anti-cancer agents in rational combinations based on the genetic 

make-up of a tumor.  Our data provides preliminary evidence for combining anti-cancer 

therapeutics that target angiogenesis and growth factor receptor pathways in ovarian 

cancer and melanoma. 

The over arching theme behind the findings in these chapters was the idea of 

better understanding how signaling pathways contribute to the tumor biology and the 

development of chemoresistance in cancer.   More effective treatment of chemoresistant 

cancers relies on combining therapeutic approaches that have been discussed in this 

thesis. Strategies include targeting cell surface growth receptors such as LPA receptors or 

enzymes involved in growth factor production such as autotaxin in melanoma.  In 

addition, targeting the interaction site of proteins like the small G-protein Rheb or over-

expressing specific proteins like RGS5 in tumors may offer other options for combination 

therapy in chemoresistant ovarian cancer.   

Survival is the key to understanding the biological complexity of cancer cells.  

The re-wiring that occurs in tumor cells assaulted with chemotherapy is happening to 

enhance cell survival.   Evolutionary pre-programming for survival that seems to be in 

place in cancer cells is a major pharmacological challenge to overcome. The problem that 

lies in the biological complexity of cancer is that tumor cells are able to adapt to their 

environments to become resistant and survive in the presence of chemotherapeutic 



 

186 

agents.   Ultimately, my thesis research findings might result in a better understanding of 

the signaling pathways involved in chemoresistance and lead to the development of more 

targeted therapy for patients. 
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Supplementary Figure 3.1. Heatmap of proteomics data in SKOV-3 cells with RG10 

suppression. 


