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ABSTRACT

Prostate cancer (PCa) is associated with high rates of cancer spread, or metastasis, the 
process that accounts for up to 90% of cancer-related deaths.  CXCR4, a chemokine G 
protein-coupled receptor (GPCR), and its ligand CXCL12, are highly expressed in both 
PCa tissue, and common locations of metastasis, including the lymph nodes, lungs and 
bone.  Multiple studies have demonstrated the importance of the CXCR4/CXCL12 
signaling axis in cancer progression, specifically due to its role in cell survival, 
proliferation and migration.  In addition, antioxidants are implicated in modulating cell 
survival through the scavenging of free oxygen radicals.  Our lab has shown that the 
antioxidant superoxide dismutase (SOD1) interacts with CXCR4.  The goal of this 
project was to determine to what extent this interaction modulates PCa metastasis.  We 
have shown that the level of interaction between CXCR4 and SOD1 in PC3 prostate 
cancer cells is increased by CXCL12 stimulation in normoxic, but not in hypoxic 
conditions.  Our work suggests that SOD1 can prevent apoptosis in normoxic, but not in 
hypoxic conditions.  We also found that, unexpectedly, CXCR4 signaling seems to 

i q in norm q
coupling in hypoxia, regardless of SOD1 expression level. This result was corroborated 

i inhibitor pertussis toxin (PTX) was able to ablate CXCR4-
mediated chemotaxis in normal, but not in hypoxic conditions.  Overall, this project was 
able to characterize the effects of the interaction between SOD1 and CXCR4 on the 
regulation of certain pathways involved in the metastatic transition.  Future work 
involves investigating second messenger levels to confirm the G protein switch that 
occurs in hypoxia and the use of animal models for in vivo work.  The eventual aim of 
this project is to exploit this protein interaction to develop a therapeutic that can help 
prevent cancer-related deaths. 
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CHAPTER 1:  INTRODUCTION

1.1 Cancer

Broadly speaking, cancer is a disease involving uncontrolled cell growth and division.  

Cancer can affect any area of the body and is a leading cause of death worldwide (The World 

Health Organization [WHO], 2013).  The burden of cancer is increasing globally over time; 

however, this increase can be partly attributed to an aging population and a longer lifespan, 

resulting from improved medical care (Jemal, Bray, & Ferlay, 2011).  Although cancer 

clearly has a genetic component, increases in cancer rates have been linked to physical 

inactivity, tobacco use and an unhealthy diet (Jemal et al., 2011).  According to Canadian 

Cancer Society and Statistics Canada in the Canadian Cancer Statistics Report 2012, the top 

four types of cancer diagnosed in this country are lung, breast, colorectal and prostate cancer.  

In total, an estimated 75,700 deaths in Canada will occur in 2012 due to cancer.  These 

statistics are of acute concern to those in Nova Scotia, as Atlantic Canada and Quebec have 

the highest cancer incidence and mortality rates in Canada (Canadian Cancer Society’s 

Steering Committee on Cancer Statistics, 2012). 

1.2 Prostate cancer

1.2.1  Significance and Risk Factors

Cancer of the prostate gland is common and can be deadly.  The prostate is a gland in 

the male reproductive system that surrounds the upper portion of the urethra.  The role of the 

prostate is to excrete an alkaline solution that accounts for 50-75% of the volume of semen.  

In a normal state, the prostate gland is defined into two separate lobes and is approximately 
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the size of a walnut.  The growth of this gland, both regular and cancerous, is normally

stimulated by androgens secreted by the testes, including testosterone.  An important 

distinction to make is that not all prostate enlargement is cancerous.  The condition known as 

benign prostatic hyperplasia (BPH), affecting approximately 3 of 4 men in the United States, 

is a non-cancerous growth in both the size and number of prostate cells (Litwin & Saigal, 

2004).  This condition may be accompanied by some of the symptoms of prostate cancer, but 

is not a known risk factor for the disease.  

Globally in 2008, there were an estimated 903,500 new cases of prostate cancer and 

258,400 deaths resulting from this disease (Jemal et al., 2011).   According to Prostate 

Cancer Canada, this translates into roughly 1 in 7 men Canadian men being diagnosed with 

prostate cancer at some point in their life.  Prostate Cancer Canada cites the following 

characteristics as the main risk factors for developing prostate cancer: increasing age (>50), a 

diet low in fiber and high in saturated fats, family history of the disease, high body mass 

index (BMI) and either a Caribbean or African descent.  However, there does seem to be a 

complex genetic component in the probability in developing prostate cancer that is only 

beginning to be elucidated.  

There are several locations in the genome that have been of particular interest in both 

molecular genetic and epidemiological studies; it has been suggested that the short arm of 

chromosome 8 is the location of some of the genes that may be important for prostate cancer 

development (Gibbs et al., 2000; Miller et al., 2003).  For example, a rare Asp174Tyr 

missense mutation on the macrophage scavenger receptor 1 (MSR1) gene was found twice as 

frequently in African-Americans with prostate cancer than in those without (Miller et al., 

2003).  While there are many studies available demonstrating a link between genome 
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differences and susceptibility to prostate cancer, all of the above analyses highlight the 

difficulty in examining risk factors for such a common and diverse disease.  Looking 

forward, studies suggest analyzing the genomes of specimens from localized disease 

separately from samples taken from metastatic disease to further enhance our comprehension 

of prostate cancer (Zhang et al., 2003).

1.2.2  Testing, Diagnosis and Treatment 

Owing to the fact that symptoms of prostate cancer typically do not appear until 

advanced stages of the disease, early detection of this cancer is imperative.   Prior to a 

biopsy, the two main preliminary tests for prostate cancer involve both a digital rectal exam 

to detect an enlarged prostate and a prostate-specific antigen (PSA) test (Freedland, 2011).

Reports stress the importance of supplementing the digital rectal exam with other test types 

due to the highly subjective nature of this assessment (Cooner et al., 2002).  The reduction in 

prostate cancer-related mortality in developed countries has been partially attributed to the 

adoption of PSA testing (Jemal et al., 2011; Yousef & Diamandis, 2001).

PSA is a member of the tissue kallikrein gene family and acts as a serine protease 

(Balk, Ko, & Bubley, 2003; Yousef & Diamandis, 2001).  Although elevated PSA levels can 

indicate prostate cancer, they can also arise from other circumstances and conditions, 

including, but not limited to: urinary tract infection, BPH and recent ejaculation.  Early 

guidelines suggested that levels of 4.0 ng/ml could be indicative of prostate cancer (Cooner 

et al., 2002); however, more recent studies suggest that physicians should perform biopsies at 

a lower threshold than 4.0 ng/ml to increase detection rates (Thompson et al., 2004).

Importantly, up to 15% of patients with prostate cancer will not display elevated PSA levels 
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(Thompson et al., 2004).  Thus, the literature recommends combining screening mechanisms 

in order to effectively diagnose the disease, as it is a heterogeneous disease that may exhibit 

different characteristics at different disease stages and in different individuals (Balk et al., 

2003; Cooner et al., 2002; Freedland, 2011).

Determining the stage and severity of prostate cancer is an integral and early part of 

effective treatment.  The American Joint Committee on Cancer (AJCC) provides the most 

widely used staging system for prostate cancer (AJCC, 2009; Appendix i).  The system is a 

“stage grouping” system, based on the TNM acronym, which stands for: tumor, lymph nodes 

and metastases.  Briefly, this system bases the stage of the disease on 5 pieces of information 

including: the size of the primary tumor, the presence of cancer at neighboring lymph nodes, 

the presence or absence of metastases, the PSA levels of the patient and the Gleason score of 

the biopsy.  The Gleason score is based on the microscopic appearance of the prostate 

biopsy; a higher score is indicative of more irregular-looking tissue and is normally 

associated with heightened disease aggression.  

The treatment of prostate cancer depends on a variety of factors, including the age of 

the patient, family history and the severity of the disease.  Generally, specialists recommend 

treatment for localized disease when the patient has a life expectancy of 10 years or greater, 

without considering cancer stage (Fowler et al., 2001).  In the case of patients with a survival 

outlook of <10 years or select low-risk cancer types, most clinicians recommend watchful 

waiting or active surveillance, where the patient is followed closely and may or may not be 

treated (Fowler et al., 2001; Freedland, 2011).  A study following 769 men that was 

conducted for over 15 years by a group at John Hopkins University School of Medicine 

supported the idea of active surveillance with eventual curative intent as a safe alternative to 
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immediate therapy; this study also suggested that this approach may help reduce 

overtreatment and adverse reactions (Tosoian et al., 2011).  The vast majority of cases that 

are diagnosed in the Western world involve patients with localized disease.  The three main 

therapies that men with localized disease would choose from include radical prostatectomy, 

brachytherapy and external beam radiation (Fowler et al., 2001).  However, when the disease 

is metastatic, chemotherapy using docetaxel or mitoxantrone seems to be most effective 

(Freedland, 2011).

1.3 Prostate cancer metastasis 

Metastasis has been defined as the spread of cancer cells from the primary tumor to 

a non-adjacent location in the body, resulting in the formation of a secondary tumor (Coghlin 

& Murray, 2010).  A schematic of the metastatic process is shown in Figure 1.1.  Metastasis 

is a multi-step process, in which cancer cells must escape their tumor, travel through the 

blood or lymph vessels, and invade and colonize a new area.  Metastasis is an important area 

for prostate cancer research, as the majority of prostate cancer-related deaths do not occur 

due to primary tumor burden, but due to the metastatic disease.  Studies estimate that in all 

cancer types, up to 90% of deaths due to solid tumors are a result of metastasis (Gupta & 

Massagué, 2006).  Prostate cancer metastasis is a highly regulated process, and seems to 

result in secondary tumors in characteristic places, including the bone, lymph nodes and 

lungs (Gladson & Welch, 2008).  The directed metastasis of cancer cells provides insight into 

the notion that molecular pathways closely regulate this process.  As a corollary, researchers 

hope to learn enough about the metastatic transition to intervene and prevent the process.  
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There are many types of molecules involved in the development cancer and the 

subsequent metastatic transition.  Importantly, not all types of cancer or even all cells within 

a single tumor are capable of metastasizing.  This begs the question: what are the 

requirements for a cancer cell to metastasize?  Early on, researchers found a link between 

increased genomic mutability and metastatic potential.  This suggested that as cancer cells 

acquire mutations, a population of cells from a heterogeneous tumor may have mutations that 

allow them to survive conditions that metastatic cells are exposed to, conferring a selective 

advantage (Gupta & Massagué, 2006).

One of the major steps in the change from a defined tumor to metastatic cancer is 

called the epithelial-mesenchymal transition (EMT).  Epithelial cells make up the epithelium, 

one of the four basic types of tissue found in animals.  Epithelial cells have several important 

characteristics including their close association with each other, lack of vascularization, and 

close association with the basement membrane.  In contrast, mesenchymal cells are normally 

found in loose connective tissue and are normally more mobile and rely less on cell-cell 

adhesion.  The EMT occurs when cancerous epithelial tissues exhibit a loss in structural 

integrity and a loss of cell-cell adhesions, largely mediated by production of matrix 

metalloproteinases (MMPs) that can break down the extracellular matrix and an increase in 

(Kalluri & Weinberg, 2009).  These changes can result in cancer cells that 

are more invasive and rely less on cell contact, thus making it more likely that they will be 

capable of moving through the endothelial cell layer into the bloodstream. 

Two main categories of molecules that are involved in cancer development, the EMT, 

and subsequent cancer spread are tumor suppressor genes and oncogenes.  Tumor suppressor 

genes are genes that encode proteins that help prevent cancer.  However, when these genes 
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are mutated, the protection that once existed is gone and this can lead to cancer development 

or progression.  A well-characterized example of a tumor suppressor gene is the protective 

p53 protein encoded by the TP53 gene.  Normally, p53 acts to induce apoptosis in cells with 

accumulations of DNA mutations.  As a result, when p53 is non-functional, the cells with 

damaged DNA remain alive and can divide and produce more mutant cells (Vivanco & 

Sawyers, 2002).  Another example of a tumor suppressor gene that is implicated in prostate 

cancer development and metastasis is phosphatase and tensin homolog (PTEN).  When 

PTEN is working properly, its protein product acts to inhibit the AKT/Protein Kinase B 

pathway that is involved in cell growth, survival and migration (Croce, 2008).  Thus, when 

PTEN is non-functional, aberrant activation of the AKT pathway can lead to irregular growth 

resulting ultimately in cancer.   

In contrast, oncogenes encode proteins that are mainly involved in the cell cycle, or 

proliferation (Croce, 2008).  When these important regulatory genes are mutated, the lack of 

control over cell death and growth can allow tumors to form.  A well-known group of 

oncogenes encode a variety of growth factor receptors that are commonly receptor-tyrosine 

kinases (RTKs).  The epidermal growth factor receptor (EGFR) is a common example of an 

RTK that is mutated in some cancer types.  Deletion of the ligand-binding domain of this 

receptor renders it constitutively active and as a result, constantly signals the cell to grow, 

proliferate and differentiate even in the absence of ligand (Croce, 2008).  Cells that either 

have a malfunctioning EGFR or overexpress this receptor are characteristic of many types of 

cancers. 

There are several extrinsic factors that influence the propensity of tumor cells to 

migrate.  One integral aspect is hypoxia, or low oxygen.  Low levels of oxygen lead to 
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stabilization of the hypoxia-inducible factor (HIF-1), a transcriptional complex that is known 

to promote angiogenesis, cell migration and survival.  Therefore, the low levels of oxygen 

present in the center of a tumor can itself be a signal for cancer cells to migrate (Brahimmi-

Horn, Chiche, & Pouyssegur, 2007; Gupta & Massagué, 2006).  Another important extrinsic 

factor involved in prostate cancer metastasis is the involvement of cell-surface chemokine 

receptors and their respective chemokine ligands.  Specifically, some organs have been found 

to express high levels of signaling chemokines that may attract the cancer cells that express 

the corresponding receptor.  The involvement of chemokine receptors and hypoxia in 

prostate cancer development and metastasis will be discussed in further detail later. 

Knowledge of oncogenes and tumor suppressor genes, in addition to the 

microenvironment that can favour metastasis, is imperative to the comprehension of cancer 

development and spread.  Although more work needs to be done to better understand known 

oncogenes and tumor suppressor genes, additional efforts should be directed at the discovery 

of new molecules and factors that regulate cancer growth.  Chemokine G protein-coupled 

receptors (GPCRs) are an example of a group of signaling molecules that have attracted the 

interest of cancer researchers.  

1.4 G Protein-Coupled Receptors

1.4.1  Overview and Significance

G protein-coupled receptors (GPCRs), otherwise known as seven transmembrane 

receptors (7TMRs) or serpentine receptors, are a group of structurally related receptors that 

are found in the plasma membrane of eukaryotic cells.  These receptors have been an 

important and active area of research since their discovery. The most convincing evidence of 
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the importance of GPCR research is that according to recent estimates, this receptor family 

represents the target for between 30% and 40% of modern pharmaceuticals (Filmore, 2004; 

Hopkins & Groom, 2002; Overington, Al-Lazikani, & Hopkins, 2006).

1.4.2  Discovery 

Arguably, the discovery of GPCRs began downstream of the receptors themselves; 

although the signaling cascade moves from receptor activation, through G protein activation,

to effector activation and second messenger production, the discovery of these components 

was in the opposite order.  In a series of publications in the mid-1950s, E. Sutherland and T. 

Rall identified and isolated a “heat stable” factor now known as cyclic 3’5-AMP (cAMP), the 

first identified second messenger molecule (Rall, Sutherland, & Berther, 1957; Sutherland & 

Rall, 1957).  The discovery of G proteins soon followed, with the realization that different 

hormones acted on distinct receptors, but activate a single adenylyl cyclase (Rodbell, 

Birnbaumer, & Pohl, 1970).  This research ignited the scientific community’s interest in the 

receptors that were governing these basic biochemical processes and set the stage for GPCR 

research. 

1.4.3  Structure 

G protein coupled receptors are a group of morphologically distinct cell-surface 

proteins.  These proteins have an amino-, or N-terminus that is outside of the cell and a 

carboxy-, or C-terminus, inside the cell.  The middle portion of the protein consists of 7 

-helices, that span the plasma membrane (PM) 7 times, hence their 

pseudonyms – serpentine receptors, or 7TMRs (Gurevich & Gurevich, 2009).  While the 
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transmembrane loops are relatively well conserved among the GPCRs, the carboxy- and 

amino termini, in addition to the intracellular loop spanning between the TM5 and TM6 

segments display sequence diversity (Kobilka, 2007).  The vast array of ligands that can bind 

to, and activate the GPCRs provides insight into the amount of diversity that must exist 

within this relatively similar superfamily of receptors. The ligands include, but are not 

restricted to: peptides, proteins, nucleotides, ions, photons, organic odorants, and hormones 

(Fredriksson, Lagerström, Lundin, & Schiöth, 2003; Gurevich & Gurevich, 2009; Kobilka, 

2007).  As mentioned, despite the similar gross structure, these receptors are variable in their 

amino acid sequences.  Based on sequence similarity, this receptor family has been grouped 

into 5 families (Kobilka, 2007).

1.4.4  Classification 

The classification of GPCRs has evolved alongside the understanding of the diversity 

of these receptors.  The current arrangement is based mostly on sequence homology and 

divides the receptors into 5 families: class A, or Rhodopsin-like receptors, class B, which 

includes the Secretin receptor and the Adhesion families of receptors, class C, the Glutamate 

family, and the Frizzled/Tas2 family (Fredriksson et al., 2003; Gloriam, Fredriksson, & 

Schiöth, 2007; Kobilka, 2007).

The Rhodopsin group is the largest family of 7TMR, with over ~ 670 full length 

receptors in the human genome (Gloriam et al., 2007).  This group of GPCRs includes the 

rhodopsin receptor, the first GPCR to have its primary structure determined (Hargrave et al., 

1983; Nathans & Hogness, 1984).  The diversity among these receptors is mostly restricted to 

the TM portions of the receptor, as the N-termini are relatively well conserved (Lagerström 
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& Schiöth, 2008).  Examples of Rhodopsin receptors targeted pharmaceutically include the 

histamine receptors 1 and 2, the dopamine receptors 1 and 2, a subset of the serotonin 

receptors and the cannabinoid 1 receptor (Lagerström & Schiöth, 2008).

The Secretin family of GPCRs contains 15 members, all of which have known ligands 

(Gloriam et al., 2007; Lagerström & Schiöth, 2008).  All of these receptors have a peptide 

hormone-binding domain in their N-termini.  The Adhesion receptors, also in family B, 

exhibit similarities to the Secretin receptors in their TM domains.  However, in contrast with 

the Secretin receptors, the Adhesion GPCRs have long N-termini.  There are 33 known 

Adhesion GPCRs, however, none of these receptors are the known target of clinically used 

drugs (Kobilka, 2007; Lagerström & Schiöth, 2008).

The Glutamate family of receptors contains 22 full-length GPCRs that are 

characterized by the “Venus flytrap mechanism” (VFTM) of ligand binding, where two 

portions of the extended N-terminus fold to create a cavity, in which the ligand can be 

engulfed (Fredriksson et al., 2003; Kobilka, 2007; Lagerström & Schiöth, 2008).  This group 

of receptors was the first GPCRs that were recognized to form functional dimers.  It was 

discovered that the GABAB receptors in isoforms GABABR1 (GBR1) and GABABR2 

(GBR2) function as a heterodimer (Sullivan et al., 2000).  When the proteins are expressed 

alone, the GBR1 receptor stays within the cell, while the GBR2 receptor moves to the cell 

surface but cannot signal.  When the receptors are co-expressed, the GBR2 receptor is 

capable of blocking the ER-retention motif on GBR1, thus allowing the heterodimer to reach 

the cell surface and signal through ligand binding to the GBR1 receptor.  The phenomenon of 

dimerization is now well established and is known to occur in all GPCR families (Gurevich 

& Gurevich, 2009).
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1.4.5  Signal Transduction 

Although there is recognized diversity among the GPCR families, the receptors seem 

to follow similar signal transduction pathways, beginning with activation and ending with a 

cellular response.  Although there are some GPCRs that are constitutively active, most 

signaling occurs when the ligand binds to the receptor.  Ligands of variable chemical nature 

bind to different regions of the receptor.  Peptide ligands normally bind in the transmembrane 

region of the helix or on the extracellular portions of the loops.  In contrast, small ligands that 

interact with Type I receptors usually bind at sites buried within the transmembrane regions 

of the helices (Kristiansen, 2004; Oldham & Hamm, 2008).

When a ligand binds, there is a change in conformation of the receptor that seems to 

be common to most GPCRs, as it was observed in the bovine rhodopsin receptor, 

thyrotropin-releasing-hormone receptor, the M3- 2-adrenergic 

receptor (Jensen et al., 2001).  Specifically, studies have demonstrated that agonist binding 

causes a rearrangement of the cytoplasmic side of TMVI (Jensen et al., 2001; Oldham & 

Hamm, 2008) 2-adrenergic receptor suggests a 

decrease in the polarity of the environment of labeled amino acids in the TMVI; this suggests 

a movement of TMVI away from the receptor (Jensen et al., 2001).  This opening is then 

thought to allow for the C-terminus of the G protein to bind at the cytoplasmic side of the 

GPCR (Oldham & Hamm, 2008).

When the receptor is inactive, the G protein also remains in the inactive guanosine 

diphosphate (GDP) bound conformation.  Ligand binding to the GPCR causes a 
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(Oldham and Hamm, 2008).  Cellular guanosine triphosphate (GTP) then binds with th

subunit, rendering the active conformation of the G protein.  Binding of GTP causes 

(Kristiansen, 2004).  This active G protein then exerts its’ effects on downstream effectors.  It 

was original

suggests that this apparent separation may be explained by a conformational change within

effectors (Dupré, Robitaille, Rebois, & Hébert, 2009)

subunit, regulated by other factors such as regulators of G protein signaling (RGS), catalyzes 

hydrolysis of GTP to GDP-Pi, re-setting the G protein to its inactive state (Oldham & Hamm, 

2008).  An overview of GPCR ligand binding, conformational change and G protein 

activation can be found in Figure 1.2. 

Due to the vast array of effectors that can be activated by GPCRs, only the most 

common effectors will be discussed here. Adenylyl cyclase is an effector protein that is 

s i (Gilman, 1995).  Upon activation of adenylyl cyclase, 

the catalytic domains of this enzyme convert adenosine triphosphate (ATP) to 3’,5’-cyclic 

AMP (cAMP) and pyrophosphate.  cAMP can move freely in the cytosol and can 

allosterically bind to cAMP-dependent protein kinase, otherwise known as protein kinase A 

(PKA).  Some activated PKA enzymes can translocate into the nucleus, where they 

phosphorylate the transcription factor cAMP response element-binding protein (CREB).  

Final effects of adenylyl cyclase activation normally include gluconeogenesis, glycogen 
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breakdown, inhibition of glycogen synthesis, increased contractility of cardiac muscle, and 

water reuptake in the kidney (Oldham & Hamm, 2008).

The Gq subunits function mainly in the increase in active phosphatidyl-inositol-

triphosphate (IP3) and diacylglycerol (DAG) from PI 4,5-biphosphate (PIP2).  DAG is able to 

attract and activate protein kinase C (PKC), an enzyme that can phosphorylate a multitude of 

proteins.  Generally, PKC plays a role in metabolism, transcriptional regulation, cell growth, 

and differentiation.  IP3 moves to the surface of organelles containing calcium stores (usually 

the smooth endoplasmic reticulum), and binds to an IP3 receptor (InsP3R); these receptors are 

also calcium channels and they allow Ca2+ ions to move into the cytosol.  Here, calcium ions 

are capable of interacting with ryanodine receptors (RyRs), and cause more calcium to be 

released in a process known as calcium-induced-calcium-release (CICR; Berridge, Lipp, & 

Bootman, 2000).

Signal transduction cascades that are downstream of GPCR activation are diverse.  

Some of the cell responses to GPCR activation include, but are not limited to: cell growth, 

differentiation, migration or chemotaxis, division and cell survival.  

1.5 Chemokine receptors and their role in cancer

Chemokines are small cytokine proteins (8-10 kDa) that have been classified into 

four groups based on the two cysteine residues closest to the N-terminus of the protein 

(Balkwill, 2004a).  These proteins bind to chemokine GPCRs to elicit their effects that are 

normally linked to the immune response.  Chemokine receptor expression varies based on 

cell lineage, environment and exposure to chemokines.  Chemokine signaling that can result 
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in the migration of white blood cells can be activated by a number of factors including: 

pathogen invasion, inflammation and certain growth factors (Rossi & Zlotnik, 2000).

Chemokine receptors were initially identified on the surface of leukocytes, but have since 

been discovered on the surface of some endothelial and epithelial cells that have undergone 

malignant transformation (Balkwill, 2004a; Gupta & Massagué, 2006; Müller et al., 2001).

Numerous studies have demonstrated high levels of expression of chemokine 

receptors on cancer cells (Balkwill, 2004a).  Table 1 shows a summary of the chemokine 

receptor-expressing cancer cells types.  This table highlights the fact that chemokine 

receptors are often hijacked from their original immune function to participate in the 

progression of cancer.  In a landmark study published in 2001, Müller et al. report three main 

expression patterns of chemokine receptors in breast cancer.  The receptors are either present 

in normal tissue and down-regulated in malignant tissue (CXCR2), present at high levels in 

both tissue types (CCR7 and CCR8) or absent in control tissue and upregulated in cancerous 

tissue (CXCR4; Müller et al., 2001).  For example, CCR7 expression has been linked with 

poor patient survival and exhibits elevated levels in many cancer types (Mashino, Sadanaga, 

& Yamaguchi, 2002).  Additionally, CCL21, the ligand for CCR7, is found in high levels of 

the lymph nodes, a common metastasis destination (Mashino, Sadanaga, & Yamaguchi, 

2002; Müller et al., 2001).  Recently, both CCR7 and CXCR4 have been demonstrated to 

prevent anoikis, the process of apoptosis resulting from loss of cell-cell interaction, 

highlighting a role for these receptors in the spread of cancer cells (Kochetkova, Kumar, & 

McColl, 2009).
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Table 1  Overview of Chemokine Receptor Expression on Normal and Cancerous cells. 
Table reproduced, with minor alterations, with permission (Appendix iii), from Balkwill, F. 
(2004). Cancer and the chemokine network. Nat Rev Cancer. 4(7):540-550. 
Chemokine 
Receptor

Normal Expression Cancer Cell/Tissue Expression

CCR3 T cells, eosinophils, 
basophils and plasma cells

T-cell leukemia, renal cell 
carcinoma, skin cancer

CCR4 Natural Killer (NK) cells, 
immature dendritic cells, 
some T-cells

T-cell leukemia, breast cancer cell 
lines

CCR5 B-lymphocytes, immature 
and mature dendritic cells, 
macrophages

B-cell Non-Hodgkin’s lymphoma 
(B-NHL), breast cancer cell lines

CCR7 T-cells, B-cells, mature 
dendritic cells

B-NHL, breast cancer, gastric 
cancer, non-small-cell lung cancer, 
oesophageal cancer

CCR10 Plasma cells, skin-homing 
T-cells

Melanoma

CXCR2 Macrophages, eosinophils, 
neutrophils

Melanoma

CXCR7 Embryonic cardiac and 
neural tissue, hematopoietic 
cells

Breast cancer, lung cancer, prostate 
cancer

CXCR4 Immature and mature 
dendritic cells, B-cells, T-
cells, hematopoietic stem 
cells, macrophages, 
neutrophils, thymocytes

B-NHL, prostate cancer, breast 
cancer, ovarian cancer, pancreatic 
cancer, intraocular lymphoma, renal 
cancer, neuroblastoma, thyroid 
cancer, colorectal cancer, squamous 
cell carcinoma, rhabdomyosarcoma, 
small-cell lung cancer, melanoma, 
cervical cancer, astrocytoma
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1.6 C-X-C Chemokine Receptor Type 4 (CXCR4)

1.6.1  Overview and Role in Normal Cell Signaling 

C-X-C chemokine receptor type 4 (CXCR4) is a chemokine GPCR that is otherwise 

known as fusin or cluster of differentiation 184 (CD184).  This receptor is 352 amino acids in 

length and exhibits a typical 7TM GPCR conformation.  The structure and amino acid 

sequence of this receptor can be found in Figure 1.3.  The only known ligand for CXCR4 is 

CXCL12 (Stromal Cell-Derived Factor-

The essential role for CXCR4 in early normal development is exemplified by the fact 

that mice that do not express normal CXCR4 or CXCL12 have an embryonic lethal 

phenotype (Balkwill, 2004b; Zou, Kottmann, Kuroda, Taniuchi, & Littman, 1998).  The few 

homozygous mutant CXCR4 mice that were born died within several hours of birth (Zou et 

al., 1998).  This study of CXCR4 mutants suggested that the mice had hematopoietic, cardiac 

and fetal cerebellar development defects and that the cardiac effects are similar to those seen 

in CXCL12 deficient mice (Nagasawa et al., 1996; Zou et al., 1998).  Additionally, at early 

embryonic stages, high levels of CXCR4 mRNA have been found in the brain and in the 

spinal cord, a pattern also seen in rats (Zou et al., 1998).  An additional defect in zebrafish 

lacking CXCR4 or CXCL12 is that they have a reduced number of primordial germ cells 

(PGCs) arriving at the gonads, suggesting that this signaling axis is needed for sexual 

development (Knaut, Werz, Geisler, & Nüsslein-Volhard, 2003).  These and other studies 

have demonstrated the importance of CXCR4 in normal development; however, they also 

note that the embryonic lethal phenotype makes studying the role of CXCR4 in development 

difficult (Balkwill, 2004b).
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CXCR4 has also been identified in some human adult cells, including a wide array of 

white blood cells, neurons, intestinal epithelial cells and in the bone marrow (Balkwill, 

2004b; Rossi & Zlotnik, 2000). This receptor has been demonstrated to play a role in normal 

immune responses.  For instance, CXCR4 is involved in the migration of antibody-secreting 

plasmablasts in the memory immune response in mice (Hauser et al., 2002).  The 

CXCR4/CXCL12 signaling axis has also been implicated in the retention, survival (due to 

anti-apoptotic effects) and homing of primitive hematopoietic CD34+ progenitor cells (HCP) 

in the bone marrow both in vitro and in vivo (Balkwill, 2004b; Broxmeyer et al., 2003).  The

importance of the CXCR4/CXCL12 signaling axis in both embryonic development and adult 

homeostatic and immune responses is best exemplified by the role of this receptor in various 

disease states. 

1.6.2  CXCR4 in Other Disease States

Although the receptor is best known for its role in cancer progression and 

metastasis, CXCR4 is implicated in a myriad of diseases.  Only several of these diseases will 

be included here, with the aim of supporting the notion of CXCR4 as a viable drug target.   

Due to the homeostatic role that chemokine GPCRs play in inflammation and 

immunity, it is not surprising that CXCR4 is involved in several inflammatory diseases 

including arthritis and airway inflammation (Balkwill, 2004b).  An example of the 

importance of CXCR4 in arthritis is that treatment of arthritis-induced joints in rodents with 

CXCL12 increased the inflammatory response and the majority of cells harvested from this 

area were CXCR4+.  Additionally, pretreatment of these mice with AMD3100, a CXCR4 

antagonist, reduced the severity of their symptoms (Matthys et al., 2001).  However, CXCR4 
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has not yet been a specific target for any clinically used drugs treating inflammation due to 

either adverse effects or ineffectiveness. 

Aquired immunodeficiency syndrome (AIDS) is a worldwide pandemic that is 

caused by a virus called the human immunodeficincy virus (HIV).  The HIV virus possesses 

an envelope with a surface glycoprotein gp120 (envelope glycoprotein GP120).  This 

glycoprotein attaches to the cluster of differentiation 4 (CD4) immunoglobulin receptor 

(O’Hara & Olson, 2002; Pierson & Doms, 2003). When this interaction takes place, a 

change in the conformation of gp120 allows for a required interaction with a co-receptor, 

usually CCR5 (C-C chemokine receptor type 5) or CXCR4 (O’Hara and Olson 2002; Pierson 

and Doms 2003).  The formation of this complex allows for the fusion of the viral membrane 

with the cell plasma membrane (O’Hara and Olson 2002).  Once the membranes have fused, 

the virus has access to the intracellular machinery of the immune cell, and infection has 

occurred.  AMD3100, the CXCR4 antagonist, was effective in clinical trials, and 8 of 19 

patients displayed complete loss of CXCR4-dependent viruses.  Although this drug has 

demonstrated promising clinical results, it has some debilitating side effects, including 

tachycardia and premature ventricular contractions (O’Hara and Olson 2002).  However, a 

CCR5 inhibitor called Maraviroc is currently in use for the treatment of HIV, supporting the 

concept of these co-receptors as a viable drug target.  

1.6.3  CXCR4 Signal Transduction

Upon stimulation with CXCL12, CXCR4 is capable of stimulating G protein activity.  

i q G proteins (Ngai, 

Inngjerdingen, Berge, & Taskén, 2009; Shi et al., 2007).  This means that this receptor can 
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the creation of DAG and IP3.  The downstream signaling events following CXCR4 

stimulation are diverse, and include activation of various extracellular signal-related kinases 

(ERKs), including ERK1 and ERK2, that are examined in the current study, increased 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-

increased calcium flux (Ganju et al., 1998).  Due to the array of signaling pathways activated 

by CXCR4 activation, downstream effects are also variable.  Some of the main effects of 

CXCR4 activation include protection from apoptosis, cell migration (normally towards 

CXCL12), cell proliferation, and cell growth (Balkwill, 2004b; Ganju et al., 1998).  An 

overview of the cellular effects of CXCR4 activation is provided in Figure 1.4.  Given the 

effects of CXCR4 activation listed above, it is not surprising that CXCR4 has been 

implicated in the progression and metastasis of cancer. 

1.6.4  Role in Cancer

CXCR4 has been implicated in over 24 cancer types.  The first strong evidence 

suggesting that CXCR4 is involved in cancer metastasis came from Müller et al., 2001.  They 

found that CXCR4 was highly expressed in breast cancer cells, malignant tumors and 

metastatic cancer cells.  Further, they demonstrated that high levels of CXCL12 were found 

in common metastatic locations for this disease, including the lymph nodes, bone marrow 

and lungs.  Lastly, they demonstrated in vivo that treatment of mice with an anti-CXCR4 

antibody that blocked the interaction between CXCR4 and CXCL12 inhibited migration of 

breast cancer cells to the lymph nodes and lungs (Müller et al., 2001).
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Importantly, levels of CXCR4 were found to be higher in prostate cancer than in other 

cancer types, supporting the further examination of this receptors role in prostate cancer 

(Fischer, Nagel, Jacobs, Stumm, & Schulz, 2008).  Several researchers hypothesized that the 

role that CXCR4 plays in hematopoiesis indicated a possible role for the receptor in prostate 

cancer metastasis to the bone (Taichman et al., 2002; J. Wang, Loberg, & Taichman, 2006).

These studies found that prostate cancer cells lines (PC3, C4-2B, LNCaP) expressed CXCR4, 

and that this receptor was functional, as it could activate ERK1 and ERK2 in a CXCL12-

dependent manner (Taichman et al., 2002).  Furthermore, CXCL12 increased invasion and 

migration potential of these cells, in addition to increasing their binding to human 

osteosarcoma cells, supporting a role for CXCR4 in the process of metastasis to bone 

(Taichman et al., 2002).  Other studies have shown that overexpression of CXCR4 in PC3 

cells prior to injection into a severe combined immunodeficiency (SCID) mouse significantly 

increases size, weight and vascularization of the tumors formed (Darash-Yahana et al., 2004).

These observations are important, as tumors that do not form their own network of blood 

vessels are limited in their size.  In humans, biopsies have demonstrated that CXCR4 

expression levels correlated with the metastatic propensity of the disease and the probability 

of patient survival (Akashi et al., 2008; Sun et al., 2003).  Overall, these studies provided 

sufficient evidence to warrant close examination of the CXCR4/CXCL12 signaling axis in 

prostate cancer metastasis. 

While the aforementioned investigations demonstrated that CXCR4 signaling 

increases metastatic potential of prostate cancer, several studies have demonstrated that the 

inhibition of CXCR4 signaling can reduce metastasis of these cancers.  For example, 

treatment with an anti-CXCL12 antibody significantly decreases the proliferation of prostate 
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cancer cell lines (Sun et al., 2003).  Additional studies have used the CXCR4 antagonist 

AMD3100 in cancer studies.  Zhang et al., 2008 demonstrated that AMD3100 decreased the 

invasiveness of prostate cancer cells and CXCL12 enhanced invasiveness, as measured by a 

transwell migration assay (Zhang et al., 2008).  This report also found that in vivo treatment 

with AMD3100 significantly decreased the perineural invasiveness of prostate tumors 

(Zhang et al., 2008).  Recently, Domanska et al., 2012 have demonstrated that treatment of 

mice with AMD3100 increases their sensitivity to docetaxil chemotherapy; this suggests that 

the coadministration of these drugs may help to reduce cancer growth (Domanaska et al., 

2012).  Other studies showed that short-hairpin ribonuclease nucleaic acid (shRNA)-

mediated CXCR4 knockdown resulted in a decrease in bone marrow metastasis (Xing et al., 

2008). The findings mentioned above are key, as they represent the therapeutic potential of 

the CXCR4/CXCL12 signaling axis. 

Although it is clear that CXCR4 plays a role in prostate cancer metastasis, it is 

important to note that this chemokine receptor is not the only factor regulating the process.  

While the CXCR4 antagonist AMD3100 prevented prostate cancer metastasis in animal 

models, it is not currently used to treat prostate cancer in humans (Wong & Korz, 2008).  The 

clear role that CXCR4 plays in the progression of prostate cancer, but absence of effective 

treatment options necessitates continued investigations into CXCR4 signaling in cancer. 

1.6.5  Regulation of CXCR4 Expression

The regulation of CXCR4 expression is affected by a multitude of factors, only 

several of which will be discussed here.  Activation of vascular endothelial growth factor 

(VEGF), a known oncogenic molecule, can induce the expression of CXCR4 in breast cancer
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(Balkwill, 2004b; Dewan et al., 2006).  Additionally, Kukreja et al., 2005 have demonstrated 

that there was upregulation of CXCR4 expression on PC3 cells in response to CXCL12 

treatment that was mediated by ERK1/2 and NF- (Kukreja, Abdel-Mageed, 

Mondal, Liu, & Agrawal, 2005).  Importantly, CXCR4 expression seems to be increased by 

long-term exposure to hypoxic, or low oxygen conditions.  This change was dependent on the 

activation of hypoxia inducible factor 1 (HIF-

due to relatively low levels of vascularization and low oxygen-carrying ability resulting from 

tumor-related anemia (Schioppa et al., 2003).  Supporting this notion, Chetram et al., 2011 

found that the addition of hydrogen peroxide to the media of human prostate cancer cells 

caused a significant increase in CXCR4 expression (Chetram, Don-Salu-Hewage, & Hinton, 

2011).

1.7 Reactive Oxygen Species, Antioxidants, and their Role in Cancer

The tumor microenvironment has very low levels of oxygen.  Due to both low levels 

of vascularization and low oxygen carrying capabilities, the mean oxygen tension in tumor 

tissues is approximately 1.5%, while in normal tissues it is approximately 7% (Kimbro & 

Simons, 2006; Vaupel, Kelleher, & Höckel, 2001).  Histologically, tumors normally have a 

center core of necrotic cells that have died due to lack of glucose and oxygen (Brahimmi-

Horn et al., 2007).  Additionally, the extracellular pH within hypoxic tumors is significantly 

lower than that found in normoxic tissue, largely due to the modulation of metabolism in 

these conditions (Brahimmi-Horn et al., 2007).  Since oxygen is only able to diffuse 

er to survive, tumor cells must adapt to low oxygen 

conditions and/or produce more blood vessels.  
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The selection for more hypoxic-resistant cells in tumors could partially explain the 

increased aggressiveness and poor prognosis associated with low-oxygen tumors (Gupta & 

Massagué, 2006; Kimbro & Simons, 2006).  Many of the changes that occur in the cell in 

hypoxic conditions occur as a result of HIF-1 stabilization.  HIF-1 is a dimeric protein with 

-

degraded in normal conditions (Wang, Jiang, Rue, & Semenza, 1995).  In hypoxic 

conditions, the subunits are bound together, stabilized, and capable of interacting with 

hypoxia-responsive elements (HRE); this in turn, increases transcription of certain genes that 

are important for the cell to survive the low oxygen environment.  In prostate cancer, HIF-

expression correlates with clinical stage of the patient (Kimbro & Simons, 2006).  This 

transcription factor is demonstrated to be elevated in rat and human prostate cancer (Zhong et 

al., 1998).  Zhong et al., 1998 also showed that PC3 cells express functional HIF-

normoxic conditions, when plated at high density (Zhong et al., 1998).

In addition to inducing the expression of CXCR4, HIF-

play several roles in cancer progression.  HIF-1

angiogenesis, a process that is particularly important for cancer cells in hypoxic 

environments (Brahimmi-Horn et al., 2007; Hirota & Semenza, 2006).  Additionally, in 

normal environments, inactive HIF- -

mediated apoptosis to occur (Suzuki, Tomida, & Tsuruo, 2001).  However, in hypoxic 

environments, HIF- - -apoptotic interaction between 

HIF- umor 

is shown in Figure 1.5.  
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Antioxidants are enzymes that are responsible for the breakdown of reactive oxygen 

species (ROS) into less harmful substances (Johnson & Giulivi, 2005).  ROS, such as 

superoxide (O2
-), hydrogen peroxide (H2O2), hydroxyl aions (OH-) and hydroxyl radicals 

(OH ), are created in cells as a byproduct of normal oxidative phosphorylation.  The ROS can 

originate within the cell as a part of normal cell metabolism in the electron transport chain or 

as a response to stress such as ultraviolet (UV) light or inflammatory cytokines (Waris & 

Ahsan, 2006).  Increased levels of these ROS have been implicated in the process of aging, 

DNA damage and declines in membrane integrity (Johnson & Giulivi, 2005). Perhaps as a 

result of increased levels of ROS found in cancers, there also seems to be an augmented 

expression of antioxidants in various cancer types as well (Hileman, Liu, Albitar, Keating, & 

Huang, 2004).  The antioxidant system within cells consists of multiple enzymes and several 

steps that result in the breakdown of ROS less harmful molecules.  Superoxide (O2
-) is 

dismutated into hydrogen peroxide (H2O2) by superoxide dismutase (SOD).  Then, the much 

less reactive H2O2 can be acted upon by both catalase and glutathione peroxidase, creating 

water in the process.  However, when H2O2 is in the presence of ferrous iron the Fenton 

reaction results in the creation of the very reactive OH (Halliwell, 1994; Salganik, 2001).

Due to the multistep process of eliminating the ROS, it is essential that the antioxidant 

molecule expression levels be tightly regulated, as changes in the level of one enzyme can 

cause a backup in the system and accumulation of detrimental ROS can occur. 

Paradoxically, depending on circumstance and possibly cell type, oxidative stress 

leading to increases in ROS represents the cause of some cancers and the treatment that is 

used to cure it.  Specifically, exogenous carcinogens such as radiation and certain pathogens 

have been implicated in oxidative DNA damage and can lead to the development of cancer 
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(Hileman et al., 2004; Waris & Ahsan, 2006).  However, many of the chemotherapeutic 

agents used in the treatment of cancer, such as tetrathiomolybdate (TM; superoxide 

dismutase inhibitor) and the taxane paclitaxel, are drugs that increase ROS to cause cell death 

(Hileman et al., 2004; Juarez et al., 2006; Watson, 2013).  This dual role for ROS in cancer 

suggests that close control of the balance between ROS and antioxidants is necessary for the 

prevention and treatment of cancer. 

1.8 Cytosolic Superoxide Dismutase (SOD1)

Cytosolic superoxide dismutase (SOD1, Cu,Zn-SOD) is a dimeric antioxidant 

enzyme that is the first line defense against ROS; it converts O2
- to H2O2 in the cytosol of 

cells.  An overview of the structure of this enzyme and is provided below in Figure 1.6.  

SOD1 is also known as copper, zinc superoxide dismutase because of the copper and zinc 

metal ions that are associated with the enzyme.  Copper deficiency is sufficient to ablate the 

activity of SOD1 (Estrada-Carrasco et al., 2010; Vonk, Wijmenga, Berger, van de Sluis, & 

Klomp, 2010). This enzyme is one member of a group of SOD molecules that are mainly 

characterized by their cellular location: SOD1 is mostly cytoplasmic, although a small 

amount has been found inside mitochondria, SOD2 is mitochondrial and SOD3 is 

extracellular (Johnson & Giulivi, 2005).  Like the other SOD molecules, SOD1 is initially 

present as an apo-enzyme prior to coupling with a copper ion (Johnson & Giulivi, 2005; 

Vonk et al., 2010).  Generally, the transcription of SOD enzymes increases with cell stress.  

The importance of this enzyme is exemplified by the plethora of disorders that are associated 

with mutations in this enzyme, including amyotrophic lateral sclerosis (ALS, or Lou Gehrig's 

Disease; Abe et al., 2011; Johnson & Giulivi, 2005).
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The chemical reaction involved in the dismutation of superoxide has two steps.  

First, the oxidized form of the enzyme, SOD1-Cu2+, binds to superoxide, acquires a proton, 

and releases molecular oxygen.  Next, the reduced enzyme, SOD1-Cu+, binds to a proton and 

another superoxide anion, releasing H2O2 and returning to its original state (Johnson & 

Giulivi, 2005).  It is important to note that although this enzyme is an integral part of the 

defense against oxidative stress, SOD1 is responsible for breaking down a detrimental 

antioxidant into another antioxidant.  Thus, to avoid excess oxidative stress, it is imperative 

that the activity of SOD1 is coupled with H2O2-consuming molecules, such as catalase and 

glutathione peroxidase.  An overview of the activity of SOD1 is provided in Figure 1.7.  

1.9 SOD1 in Prostate Cancer

As previously mentioned, antioxidant inhibitors have been tested for the treatment 

of cancer.  The rationale is that reducing the antioxidants will increase ROS levels and cause

cell death.  SOD1 inhibitors such as the second generation tetrathiomolybdate (ATN-224) 

have been used to demonstrate that inhibiting SOD1 can decrease ERK1/2 activation, 

angiogenesis, and cell proliferation (Juarez et al., 2006).  This drug has also been used in a 

clinical trial of men with biochemically-recurrent prostate cancer.  Results demonstrated that 

treatment with ATN-224 may decrease PSA-progression in these patients (Lin et al., 2011).

Interestingly, as SOD1 inhibitors TM and 2-methoxyoestrodial have been used in the 

treatment of various cancers, Marikovsky et al., 2002 established a transgenic mouse that 

overexpresses human SOD to demonstrate that angiogenesis was higher in this mouse in 

comparison with control mice (Marikovsky, Nevo, Vadai, & Harris-Cerruti, 2002).
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Although there have not been conclusive studies into the role of SOD1 in prostate 

cancer, Bostwick et al., 2000 show that there is trend towards decreased levels of SOD1 and 

SOD2 activity in prostate cancer specimens in comparison with benign controls (Bostwick et 

al., 2000).  In contrast, Estrada-Carrasco et al., 2010 found significantly increased levels of 

SOD1 in prostate cancer specimens in comparison with benign prostatic hyperplasia 

(Estrada-Carrasco et al., 2010).  Regardless of the expression levels of SOD in prostate 

cancer, the relative success of SOD1 inhibitors in the treatment of prostate cancer suggests 

that this enzyme plays a role in disease progression. 

1.10 The Project

A yeast-two hybrid screen that was performed in the Dupré lab found an interaction 

between CXCR4 and SOD1.  This preliminary finding was then confirmed by a co-

immunoprecipitation (Co-IP) of these two proteins following their transfection into human 

embryonic kidney cells (HEK293A).  Since both CXCR4 and SOD1 are known to play a role 

individually in the metastatic transition, the goal of this project is to further characterize and 

elucidate the implications of this interaction in prostate cancer cells. 

1.11 The Hypothesis

We hypothesize that the protein-protein interaction between CXCR4 and SOD1 will 

have an effect on CXCR4 signal transduction.  We know that CXCR4 is implicated in 

metastasis, so we believe that modulation of signaling through this GPCR will have an effect 

in the pathways activated in the metastatic transition.  Due to the ability of SOD1 to scavenge 

ROS, we hypothesize that the interaction between CXCR4 and SOD1 may act as a sensor of 
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cellular environment.  An overview of our hypothesis is displayed in a schematic in Figure 

1.8.  We believe that SOD1 physically interacts with CXCR4 in PC3 prostate cancer cells.  

We hypothesize that in normal conditions with low levels of ROS present in the cell, 

depicted in Figure 1.8A, SOD1 interacts with CXCR4 at a basal level.  This would allow 

CXCR4 to signal at a normal level.  We believe that following stimulation of CXCR4, this 

interaction will increase.  However, with acute exposure to hypoxia, like the conditions that a 

cell may encounter within a tumor, depicted in Figure 1.8B, SOD1 will interact in the 

cytoplasm with the potentially detrimental superoxide that we hypothesize to have 

accumulated due to oxidative stress.  This means that less SOD1 would be available to 

interact with CXCR4 at the membrane.  We hypothesize that when SOD1 is not interacting 

with this GPCR, CXCR4-mediated signal transduction will be differentially modulated.  This 

could result in amplification of CXCR4-mediated signaling, possibly increasing cell 

migration, proliferation and survival - all processes known to be integral to the metastatic 

transition.  
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Figure 1.1  Schematic of the Metastatic Transition.
Primary prostate cancer tumor with associated blood vessels. A gradient of oxygen 
concentration exists within the tumor, from normal oxygenation at the exterior to an anoxic 
center.  This is represented by the O2 level gradient schematic at the top of the diagram.  The 
tumor consists of cancer cells and non-cancerous tumor associated cells such as fibroblasts 
and white blood cells.  Cancer cells expressing the chemokine GPCR CXCR4 can migrate 
through endothelial cell layers and travel through the blood along a gradient of CXCL12.  
CXCR4-expressing prostate cancer cells then colonize a new location, commonly in the 
bones, lymph nodes or lungs, forming a secondary tumor.  A legend describing the cartoon 
schematic of the cell types can be found in the top right of the figure.    
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Figure 1.2    G Protein Activation Cycle.
The general activation and return to resting state of a GPCR-associated G protein. While this 
image shows the structure of bovine rhodopsin and the G protein heterotrimer G t/i 1 1, this 
general process can be generalized across receptors. The GPCR is coloured magenta, the 
ligand is violet, GDP is orange, GTP is light green, effector is purple, the regulators of G 
protein signaling (RGS) are dark red, 
yellow, respectively.  Upon ligand binding, a conformational change that occurs within the 
receptor causes release of the GDP from the G protein.  This activated receptor (R*) then 
binds with high affinity to the G protein, allowing GTP to bind.  Following this, both G -

functionally dissociate from the receptor and couple with their effector 
proteins.  RGS can accelerate and catalyze this signal termination process, where GTP is 
hydrolyzed into GDP.  This cycle can then continue again following activation by another 
ligand, or through constitutive receptor activation.  Figure reproduced, with permission 
(Appendix ii), from Oldham, W., and Hamm, H. (2008). Heterotrimeric G protein activation 
by G-protein-coupled receptors. Nat Rev Mol Cell Biol. 9(1):60-71.
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Figure 1.3  CXCR4 Structure.
A. Snake plot depicting amino acid sequence along with membrane orientation of the 
CXCR4 receptor.  The aspartic acid residues highlighted in red, at position 171, 182, 193 and 
262 are critical for the interaction between this GPCR and its small molecule inhibitor, 
AMD3100.  The KKLR motif in loop 1, highlighted with the red underline, is hypothesized 
to play a role in the novel interaction we discovered between CXCR4 and SOD1.  Figure 
reproduced, with permission (Appendix iv), from De Clercq, E. (2008). The bicyclam 
AMD3100 story. Nat Rev Drug Discov. 2(7):581-587.  B.  Crystal structure of CXCR4 in 
complex with a small drug-like isothiourea derivative (IT1t).  The receptor is blue, IT1t drug 
is magenta, N-terminus is brown, ECL1 is blue, ECL2 is green, ECL3 is red, and disulfide 
bonds are yellow.  Figure reproduced, with permission (Appendix v), from Wu, B., Chien, 
E., Mol, C., et al. (2011). Structures of the CXCR4 chemokine receptor in complex with 
small molecule and cyclic peptide antagonists. Science. 330(6007):1066-1071.  
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Figure 1.4  Overview of CXCR4 Signal Transduction.  Several of the intracellular signaling cascades activated by CXCR4 are highlighted in this figure.  Following stimulation of CXCR4 by CXCL12, the G protein activates multiple effector proteins.  Final results of CXCR4 activation can include cell migration, chemotaxis, survival and proliferation.     
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Figure 1.5  The Effects of the Hypoxic Microenvironment in a Tumor.  
The top left image is a graph that displays the relationship between tissue pH (red symbols) 
and degree of hypoxia (blue symbols; measured as mm Hg, or pressure O2) and distance of 
the area from a nearby vessel.  As is evident in this figure, the further the tissue from a blood 
vessel, the more acidic and lower oxygen pressure. The top right image depicts the gradient 
of O2 found within a tumor, with the gradient going from red to blue showing progressive 
hypoxia.  This also shows the beginning of angiogenesis, the process where new blood 
vessels form to deliver oxygen to cancer cells.  The image on the bottom shows a magnified 
image of a representative hypoxic cell and the signal transduction that occurs within this cell.  
Decreased levels of O2 are associated with increased levels of stabilized hypoxia-inducible 
factors (HIF), which will bind to hypoxia responsive-elements (HRE) in the nucleus and 
increase transcription of genes associated with glycolysis, survival and angiogenesis.  Image 
reproduced, with permission (Appendix iv), from Carmellet, P. and Rakesh, K. (2000). 
Angiogenesis in cancer and other diseases. Nature. 407:249-257. 
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Figure 1.6  The Structure of SOD1.
X-ray crystallographic representation of the structure of wild-type (WT) SOD1, a dimeric 
protein.  The G93 amino acid that is commonly mutated in SOD1, resulting in familial 
amyotrophic lateral sclerosis (FALS), is highlighted in purple.  The zinc and copper atoms 
are depicted in cyan and orange, respectively.  Amino acid Cys 111 is also highlighted in 
purple, showing the site of enzyme oxidation following addition of hydrogen peroxide 
(H2O2) to the system.  Image reproduced, with permission (Appendix vii), from Bosco, D., 
Morfini, G., Murat Karabacak, N., Song, Y., Gros-Louis, F., Pasinelli, P., Goolsby, H., 
Fontaine, B., Lemay, N., McKenna-Yasek, D., Frosch, M., Agar, J., Julien, J., Brady, S. and 
Brown, R. (2010). Wild-type and mutant SOD1 share an aberrant conformation and a 
common pathogenic pathway in ALS. Nat Neurosci. 13(11):1396-1403.



36  

Figure 1.7  Overview of SOD1 Activity.
Normal cellular respiration and external sources including, but not limited to, UV light and 
pathogen invasion can increase intracellular levels of superoxide (O2

-).  SOD1 is found 
within the cytosol of the cell.  The active enzyme dismutates the highly reactive O2

- into the 
less detrimental hydrogen peroxide (H2O2).  H2O2 can move into and out of the cell based on 
the concentration gradient that exists.  
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Figure 1.8  Working Hypothesis.
The schematic of our hypothesis is in two parts, with the cartoon cell in normoxic conditions 

CXCR4 and initiate signaling.  We believe that SOD1 is bound at intracellular loop 1 (loop 
1) of CXCR4 at a basal level, but this interaction will increase following stimulation of 
CXCR4 with CXCL12.  In normal conditions, the interaction between CXCR4 and SOD1 
results in normal levels of CXCR4 signaling and healthy cells.  B. Due to the accumulation 
of detrimental reactive oxygen species (ROS) that exist within the cell due to the hypoxic 
conditions, we believe that SOD1 will dissociate from CXCR4 to combat the ROS.  Even 
following stimulation of CXCR4 with CXCL12, we believe that there will be decreased 
levels of interaction between SOD1 and CXCR4.  We hypothesize that the decreased 
interaction between these two molecules could lead to modulation of CXCR4 signal 
transduction, possibly increasing cell survival, migration and proliferation, all processes 
known to be integral to the transition of the metastatic phenotype.  
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CHAPTER 2:  MATERIALS AND METHODS

2.1  Materials

PC3 (CRL-1435) human prostate cancer cells were acquired from American Type 

Culture Collection (ATCC; Manassas, VA, USA).  Heat Inactivated Fetal Bovine Serum 

(FBS) and Penicillin-Streptomycin (PS) were purchased from Invitrogen (Etobicoke, ON, 

Can).  Complete, EDTA-free Protease Inhibitor Cocktail Tablets (PI) and X-tremeGENE HP 

DNA Transfection Reagent (X-tremeGENE) were acquired from Roche Applied Science 

(Laval, QC, Can).  Dulbecco’s Modified Eagle’s Medium High Glucose (DMEM), Protein 

A-Sepharose, and all other chemicals, unless otherwise noted, were obtained from Sigma-

Aldrich (Oakville, ON, Can).  Supersignal West Femto Maximum Sensitivity Substrate was 

from Pierce Biotechnology (Rockford, IL, USA).   Anti-SOD1, anti-CXCR4, anti-phospho-

ERK, anti-phospho-AKT (ser-473), anti-c-myc, anti-HA primary antibodies and all 

horseradish peroxidase-conjugated secondary antibodies in addition to the Annexin V 

Apoptosis Assay Kit were purchased from Santa Cruz Biotechnologies, Inc. (Santa Cruz, 

CA, USA). Polyclonal anti-ERK1/2 antibody was acquired from Cell Signaling Technology 

(Beverly, MA, USA).  BioTraceTM nitrocellulose transfer membrane was from Pall 

Corporation (Port Washington, NY, USA) and Laemmli sample buffer was from BioRad 

(Mississauga, ON, Can).  Bovine Serum Albumin (BSA) was purchased from BioBasic Inc. 

(Markham, ON, Can).  Cell culture dishes and other cell plates were purchased from VWR 

International (Mississauga, ON, Can).  SOD1 siRNA (short- -
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Can).  Pertussis toxin (PTX) was purchased from List Biological Laboratories, Inc. 

(Campbell, CA, USA). 

2.2  Molecular Constructs

The pcDNA3.1 HA-CXCR4 receptor was purchased from Missouri University of 

Science and Technology cDNA resource center (Rolla, MO, USA). pCMV6-myc-DDK-

hSOD1 WT was purchased from Origene Technologies Inc. (Rockville, MD, USA).  

CXCR4-YFP was a gift from Dr. Nikolaus Heveker, from Hôpital Ste-Justine (Montréal, QC, 

i q constructs were a gift from Dr. Michel Bouvier, from Université 

de Montréal (Montréal, QC, Canada). 

2.3  Cell Culture

PC3 cells were maintained in 10 cm cell culture dishes a sterile culture chamber with 

5% CO2 at 37°C in Dulbecco’s Modified Eagle’s Medium (DMEM).  PC3 cells were 

supplemented with 10% heat-inactivated FBS and 2% PS.  Cells were routinely subcultured 

so that the cells never surpassed 90% confluence.  For experiments, cells were plated in 6-

well plates 24 hr prior to treatment.

For hypoxic cell treatment, the cells were place in a hypoxia chamber containing 

0.2% O2 at 37°C for variable lengths of time.  The chamber was purged prior to usage to 

ensure that the chamber contained the correct oxygen concentrations. 

2.4  Transient Transfection 
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The following quantities will be expressed in amount per well of a 6-well plate. 1

-free culture 

drop wise, on cells that were 70-80% confluent. 24 hr following transfection, the media was 

replaced with fresh FBS-free culture media. 

SOD1 Small- -free water 

-HCl, pH 8.0, 20 mM NaCl, 1 mM EDTA 

buffered solution. siRNA transfection was accomplished using the same method as DNA 

of the siRNA duplex resuspension in DMEM. Also, scrambled siRNA control and 

subsequent western blotting was done to ensure that the siRNA-mediated knockdown was 

specific to SOD1.  

2.5  Protein Collection 

Following all cell treatments, media was aspirated from cells and cells were collected 

in 1 ml ice-cold phospho-buffered saline (PBS). Cells were centrifuged at 16,000 g for 30 

sec and supernatant was aspirated. The pellet was then lysed in

radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris (pH 7.4), 100 mM MgCl2, 150 

mM NaCl, 0.5% sodium deoxycholate, 1% Nonidet P-40, 0.1% SDS, Roche COMPLETE 

30 min at 4°C. These samples were then centrifuged at 16,000 g for 10 min and the

supernatant was collected. 
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2.6  Cell Counting and Bradford Assays

cells were ejected onto a hemocytometer under a coverslip. 4 quadrants were counted and 

averaged to determine the number of cells per quadrant. Cells per ml were calculated as 104 *

average cells/quadrant. 

Protein standard curves were constructed with BSA at concentrations varying from 

of a 96-well plate. 119 

incubated at room temperature for 5 min prior to reading absorbance on a plate reader at 595 

nm. 

2.7  Polyacrylamide Gel Electrophoresis and Western Blotting

Following cell treatment and protein collection, amount of protein to load was 

-

mercaptoethanol-Laemmli sample buffer at room temperature. Samples were then incubated 

in a 65°C dry bath for 5 min prior to being resolved using Sodium Dodecyl Sulfate 

Polyacrylamide Gel Electrophoresis (SDS-PAGE). Gels were then transferred to a 

nitrocellulose membrane. These membranes were then blocked with 5% milk powder in 

Tris-buffered saline (TBS) and nutated overnight at 4°C in milk containing a dilution of 

primary antibody ranging from 1:200-1:2000, depending on the experiment. The next day, 

membranes were washed with TBS containing 0.1% Tween-20 (TBST) and incubated with 

HRP-conjugated (horseradish peroxidase) secondary antibodies for 1 hr in TBS milk. 

Following another wash with TBST, these membranes were visualized with Western 
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Lightning Plus-ECL Chemiluminescence Substrate.  ImageJ 4.3 software (NIH) was used to 

calculate band densities of the immunoblots. ERK1/2 bands were measured together, as 

close proximity of the bands complicated separation of each band for analysis. 

2.8  Co-Immunoprecipitations

Following protein collection, samples were nutated for 30 min at 4°C with the 

of pre-

washed protein-A sepharose beads were added and samples were nutated at 4°C overnight.  

The next day, samples were rinsed 3 times with 1 ml RIPA buffer.  The RIPA was then 

-

mercaptoethanol-Laemmli sample buffer prior to resolving using SDS-PAGE, the probed and 

visualized as above, for western blotting.  The band density was representative of the amount 

of immunoblotted protein that was interacting with the immunoprecipitated protein.  Part of 

the cell lysate was also treated as a western blot without immunoprecipitation, to use as a 

control of input protein levels. 

2.9  Annexin V Staining

Annexin V binds with high affinity to exposed phosphatidylserine phospholipids on 

cell membranes.  Early in apoptosis, this phospholipid switches from the inner to the outer 

plasma membrane of the cell.  Therefore, Annexin V-FITC binds to and fluorescently labels 

apoptotic cells.  For this assay, PC3 cells were transfected with CXCR4 and either the 

pcDNA control, SOD1 cDNA or SOD1 siRNA. Twenty-four hrs later, these cells were 

treated with etoposide (50 ng/ml) for 24 hrs.  Etoposide, a common chemotherapeutic agent, 
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was used in this assay because it is a topoisomerase inhibitor known to cause apoptosis in 

mammalian cells.  Six hrs following etoposide treatment, cells were either stimulated with 

100 ng/ml CXCL12, or remained unstimulated.  Incubations took place in either normal cell 

culture conditions or in hypoxic conditions beginning with stimulation.  Cells were harvested 

assay was conducted according to the manufacturer’s instructions.  Cells were nutated in the 

dark with propidium iodide (PI) and Annexin V-FITC conjugated stain for 20 min.  Cells 

were then examined in the fluorescent microscope and at least 5 fields of view were recorded 

using an Olympus IX81 microscope equipped with a Photometrics coolSNAP HQ2 camera 

and an excite series 120Q light source.  Annexin V stain was excited at 488 nm and images 

were captured at 525 nm. PI was excited at 535 nm. Rates of apoptosis were determined by 

dividing the number of cells that stained positive for Annexin V divided by the total number 

of cells.  For reference, a sample image of cells and a schematic representation of staining are 

provided in Figure 2.1A and 2.1B, respectively. 

2.10  Transwell Migration Assays

PC3 cells were transfected with CXCR4 HA and either the pcDNA control, SOD1 

cDNA or SOD1 siRNA in 6 well plates.  Twenty-four hrs post-transfection, the growth 

media was aspirated and replaced with SFM (serum-free media) to starve the cells.  Fourty-

eight hrs post transfection, the cells were collected, rinsed with PBS and counted.   Five 

hundred thousand cells per condition were resuspended in SFM and plated into the top 

portion of a transwell migration plate that contains a polycarbonate membrane, pore size 5.0
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containing 100 ng/ml of CXCL12 was added. Cells were incubated for 24 hrs in normal 

culture conditions.  For quantification, the membranes were rinsed with cold PBS and then 

fixed in 100% ice cold methanol for 15 min at room temperature. These fixed membranes 

were then stained with 0.5% crystal violet stain for 5 min to allow visualization of the cells. 

Non-migrated cells were then removed from the upper side of the membrane with a cotton 

bud. Membranes were then rinsed in dH2O, dried, and then mounted on a slide. At least 3 

areas of the membrane were viewed under 10X objective of an Olympus IX81 equipped with 

a photometrics coolSNAP HQ2 camera using MetaMorph software. The number of cells for 

each field of view were counted.  Net migration was determined by comparing the number of 

cells that migrated with CXCL12 to the number of cell that migrated in the control 

conditions. For hypoxic migration experiments, the same protocol was followed, except cells 

were maintained in the hypoxia chamber following ligand exposure.  

2

a buffer containing 0.01 M sodium phosphate and 0.05 M sodium chloride, pH 7.0. PTX 

treatment included adding stock solution to each well, such that the final concentration was 

An overview of this experimental design is displayed in Figure 2.2, where an example 

of a well without CXCL12 is in Figure 2.2A and a well with it is in Figure 2.2B.    

2.11  Bioluminescence Resonance Energy Transfer (BRET) Assays

Bioluminescence Resonance Energy Transfer (BRET) was used in order to determine 

the levels of interaction between CXCR4 and the G protein.  PC3 cells were transfected with 

CXCR4 tagged with yellow fluorescent protein (CXCR4- i tagged with 
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Renilla i-R q-Rluc II) in addition to the SOD1 expression 

modulation, as described above.  Twenty-four hrs post-transfection, the growth media was 

replaced with SFM.  Fourty-eight hrs post-transfection, the cells were either stimulated with 

100 ng/ml CXCL12 for 15 min in normal culture conditions, or remained unstimulated.  

When in the presence of oxygen, RlucII can catalyze the breakdown of coelenterazine, which 

releases energy at the wavelength 480 nm. When the molecule that is tagged with RlucII, and 

the energy emission is in close enough proximity (50-100 Å or 5-10 nm) to a suitable yellow 

fluorescent protein (YFP) variant, the YFP will be excited and will emit light at 527 nm. 

Therefore, a ratio of emissions measured as donor emission: acceptor emission (RlucII 

emission: YFP emission) provides information of the relative proximity of the molecules 

tagged with these proteins. The data is presented as the BRET1 ratio, which is a direct

measure of the ratio of emissions between the donor and acceptor.  An overview of this 

technique is found in Figure 2.3.  Figure 2.3A is the state of the proteins prior to 

coelenterazine or ligand addition.  Figure 2.3B is when the ligand does not bring the proteins 

of interest in close enough proximity to emit a signal.  Figure 2.3C represents the scenario 

when ligand stimulates a movement of the proteins towards each other, to be in close enough 

proximity to emit a BRET signal. 

2.12  Statistical Analysis

All analysis was completed using GraphPrism software.  All error bars are 

representative of mean +/-SEM (Standard error).  Two-tailed unpaired Student’s T-tests were 

performed for analysis of co-immunoprecipitation data.  Annexin V raw apoptosis and 
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necrosis experimental data, the p-ERK and p-AKT western blot data, the BRET data and the 

migration data was analyzed with a two-way ANOVA and a Bonferroni post test. P values 

are reported as follows: *p<0.05, **p<0.01, ***p<0.001. 
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Figure 2.1 Annexin V Staining Schematic.
A. Representative micrograph of Annexin V staining experiment. Image is an overlay of 
bright field (BF), Annexin V staining and propidium iodide (PI) staining.  Annexin V stain 
was excited at 488 nm and images were captured at 525 nm PI was excited at 535 nm. 20X 
magnification.  B.  Schematic of apoptotic status.  From top to bottom: unstained cells are 
viable, cells with red nuclei are PI positive and are necrotic, cells that are stained green are 
Annexin V positive and apoptotic, cells that are stained green with red nuclei are PI and 
Annexin V positive and are in the late stages of apoptosis.  
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Figure 2.2 Schematic of Transwell Migration Assays.
A.  PC3 cells were transfected with the pcDNA vector control, SOD1 WT cDNA or SOD1 

-free media (SFM) was added 
to the bottom of the well.  The counted, transfected cells were added to the top of the 
transwell membrane insert.  The cells were then incubated in either normal or hypoxic 
culture conditions for 24 hr.  The inserts were then fixed with methanol, rinsed and stained 
with crystal violet to allow for easy visualization of the cells.  Cells were then counted at 10X 
magnification with a light microscope.  Net migration was calculated as number of migrated 
cells in the wells without chemoattractant subtracted from number of cells migrated in the 
wells with CXCL12.  B.  Same experiment as seen in A., except with CXCL12 added to the 
bottom of the well to promote chemotaxis.   
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Figure 2.3  Bioluminescence Resonance Energy Transfer (BRET) Technique Schematic.
A.  Schematic showing the CXCR4 receptor in the plasma membrane (PM) tagged with the 

i, to Renilla luciferase (RlucII).  
B. This schematic shows the same proteins tagged as in A., but following the addition of 
coelenterazine.  RlucII cleaves its substrate, coelenterazine, emitting energy at 480 nm.  In 
this case, the RlucII and YFP-tagged proteins are not in close enough proximity (further than 
50-100 Å or 5-10 nm apart) to allow the light emitted by RlucII to activate YFP. C. In this 
schematic, the ligand CXCL12 has been added.  Addition of the ligand results in an increase 
in the proximity between the RlucII and YFP-tagged proteins; this results in the energy 
emitted by RlucII exciting the YFP molecule, allowing for energy emission at 527 nm. The 
ratio of energy emitted by the donor (RlucII): energy emitted by the acceptor (YFP) is 
measured as the BRET ratio. 
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CHAPTER 3:  RESULTS

3.1  Expression of Endogenous and Transfected CXCR4 and SOD1 in PC3 cells

In order to evaluate the effects of the protein-protein interaction between CXCR4 and 

SOD1 in a prostate cancer cell line, we first needed to verify the presence of these molecules 

in prostate cancer cells.  We chose to use the PC3 prostate cancer cell line for several 

reasons.  Firstly, PC3 cells express endogenous levels of CXCR4 (Singh, Singh, Stiles, 

Grizzle, & Lillard, 2004).  Secondly, PC3 cells are more metastatic in comparison with other 

prostate cancer cells lines such as LNCaP and DU145 cells as measured in an in vitro 

matrigel invasion assay (Muralikrishna et al., 2005).  Lastly, PC3 cells are androgen-

independent and are derived from bone marrow metastases, two features that are 

characteristic of the advanced metastatic stage of disease that we are looking to investigate 

(Sobel & Sadar, 2005).

In order to determine endogenous levels of CXCR4 and SOD1, PC3 cells were 

maintained in either normal or hypoxic cell culture conditions, lysed, and immunoblotted for 

the presence of both SOD1 and CXCR4.  Results are shown in Figure 3.1.  The results in 

Figure 3.1A and Figure 3.1B demonstrate that both SOD1 and CXCR4, respectively, are 

expressed endogenously in PC3 cells in both conditions.  The histograms in Figure 3.1A and 

3.1B show that that SOD1 levels increase approximately 1.7-fold following 8 hr hypoxic 

treatment and CXCR4 levels increase approximately 1.7-fold, with a higher degree of 

variability. To verify that the siRNA-mediated knockdown resulted in lower levels of SOD1 

in the cells, we performed a western blot against SOD1 following addition of the siRNA.  



51  

Results show that there is approximately a 50% reduction in SOD1 protein following SOD1 

siRNA transfection (Appendix viii).  

3.2   Interaction of CXCR4 with SOD1 in PC3 cells in Normal and Hypoxic Conditions

Following the original indication obtained with a yeast-two hybrid screen that SOD1 

was interacting with CXCR4 and subsequent verification that PC3 cells endogenously 

expressed these proteins, we wanted to confirm that CXCR4 and SOD1 were interacting in 

PC3 cells with a Co-IP assay.  Briefly, PC3 cells were treated with CXCL12 or remained 

untreated as specified, lysed, and subjected to immunoprecipitation of CXCR4 and 

immunoblotting of SOD1.  A summary of the results is provided in Figure 3.2, demonstrating 

that CXCR4 and SOD1 interacted endogenously.  This figure also shows that this interaction 

was affected by CXCR4 stimulation, as 15 min stimulation with CXCL12 increased the 

interaction levels.  The specificity and validity of this experiment was also confirmed with a 

reduction in the interaction between the two proteins following transfection of PC3 cells with 

SOD1 siRNA.   

Next, we sought to assess our hypothesis that the protein-protein interaction between 

CXCR4 and SOD1 would be reduced in a hypoxic environment.  Figure 3.3A demonstrates 

that both SOD1 tagged with c-myc and CXCR4 tagged with the human influenza agglutinin 

(HA) were detected following transient transfection in PC3 cells. As can be seen in the 

representative blots in Figure 3.3B and the histogram in Figure 3.3C, following transfection 

of CXCR4-HA and SOD1-c-myc, there is basal level of interaction between these proteins.  

Following stimulation with 100 ng/ml CXCL12 for 15 min in normoxic conditions, this 

interaction increased significantly (p < 0.05).  However, when the cells were maintained in a 
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hypoxia for 8 hr prior to the experiment, CXCL12 stimulation no longer increased this 

interaction.  Overall, these results suggest that CXCR4 and SOD1 interact at a basal level 

endogenously in PC3 cells, and that stimulation of CXCR4 in normoxic, but not hypoxic 

conditions increases this interaction. 

3.3   Modulation of CXCR4 Signal Transduction by SOD1 and Hypoxia

Due to the importance of CXCR4-activated signaling pathways in the metastatic 

transition, we next decided to determine if SOD1 levels affected CXCR4 signal transduction 

pathways.  Although there are many signaling pathways activated by CXCR4, we chose to 

assess both extracellular signal-regulated kinase 1 and 2 (ERK1/2) activation and AKT

activation due to the role that these kinases play in cell survival and migration (Barbero et al., 

2003).

3.3.1   Extracellular Signal-Regulated Kinase 1 and 2 (ERK1/2) Activation

Extracellular signal-regulated kinase 1 and 2 (ERK1/2) are heavily implicated in 

metastasis. ERK1/2 activation can lead to the proliferation, growth and survival of cells.  

Additionally, mutations in molecules in this pathway causing heightened ERK1/2 activation 

are associated with many cancer types (Roberts & Der, 2007).  Some of the best evidence for 

the importance of ERK1/2 signaling in cancer is the mounting interest in ERK1/2 as a 

potential target for cancer therapeutics (Hilger, Scheulen, & Strumberg, 2002; Roberts & 

Der, 2007).  As a corollary, we decided to use western blotting to analyze the levels of total 

ERK1/2 and the active phosphorylated ERK1/2 (p-ERK1/2) in PC3 cells overexpressing 
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SOD1 or with SOD1 knocked down using siRNA.  The results from these experiments are 

shown in Figure 3.4, where Figure 3.4A and 3.4C are in normoxic conditions and Figures 

3.4B and 3.4D are following 8 hr hypoxic treatment of cells prior to stimulation.

Figure 3.4A shows a representative western blot of p-ERK1/2 and total ERK1/2 in 

PC3 cell lysate.  Figure 3.4C is a histogram that represents the data obtained from our 

experiments with PC3 cells in normoxic conditions. Data demonstrates that following 

activation of CXCR4 with CXCL12 treatment for 15 min, levels of p-ERK1/2 increase in 

cells transfected with SOD1 WT (p<0.05).  However, in cells that have been transfected with 

either the pcDNA vector control or SOD1 siRNA, there is no increase in levels of p-ERK1/2

following stimulation.  Figure 3.4B is a representative blot of both p-ERK1/2 and total 

ERK1/2 levels in PC3 cell lysate following hypoxic pretreatment.  Figure 3.4D summarizes 

the results of this western blot experiment.  Results demonstrate that regardless of SOD1 WT 

transfection or SOD1 knockdown, there is not a significant increase in ERK1/2

phosphorylation.  However, there is a trend towards significant increases in ERK1/2

activation regardless of SOD1 expression level.  Therefore, according to these results, SOD1 

knockdown inhibits ERK1/2 activation in normoxic, but not hypoxic conditions.  

3.3.2   AKT (Protein Kinase B) Activation

AKT, or protein kinase B, is a molecule that is implicated in the development and 

progression of cancer, mainly due to its role in the inhibition of apoptosis (Vivanco & 

Sawyers, 2002).  AKT is activated following activation of phosphoinositide 3-kinase (PI3K) 

by either RTKs or GPCRs at the cell surface.  The active, phosphorylated AKT then goes on 

to inhibit apoptosis by inhibiting pro-apoptotic proteins such as BAD, or by activating anti-



54  

apoptotic factors such as NF- (Chetram, Don-Salu-Hewage, & Hinton, 2011b; Vivanco & 

Sawyers, 2002).  As a result of the role AKT plays in preventing apoptosis, over activity of 

AKT caused by a mutation, such as a mutation in PTEN, can increase cancer risk (Chetram et 

al., 2011b; Vivanco & Sawyers, 2002).  Therefore, we decided to measure the effects of 

SOD1 on AKT activation.  We measured the levels of active AKT (p-AKT) in comparison to 

-actin levels in PC3 cells following the activation of CXCR4 by 100 ng/ml CXCL12 for 15 

min and the results are shown below in Figure 3.5.  Figure 3.5A and 3.5C are results from 

cells maintained in normoxic conditions and Figures 3.5B and 3.5D are following 8 hr 

hypoxic pre-treatment of cells.

Representative western blots against p-AKT from the experiment conducted on cells 

maintained in normoxic conditions are shown in Figure 3.5A and a corresponding histogram 

showing the change in AKT activation is shown in Figure 3.5C.  This experiment showed 

that cells overexpressing the pcDNA control vector or the SOD1 WT had a significant 

increase in AKT activation following stimulation with CXCL12 (p<0.01 and p<0.05, 

respectively).  However, there was no significant change in AKT activation following 

stimulation in cells transfected with SOD1 siRNA.  Figure 3.5B and 3.5D show a 

representative western blot and a histogram, respectively, from the same experiment 

conducted on cells maintained in hypoxic conditions.  This experiment demonstrated that 

there did not seem to be a significant increase in AKT activation following CXCR4 

stimulation, regardless of SOD1 expression levels.  Taken together, these results suggest that 

SOD1 knockdown causes an inhibition of CXCR4-mediated AKT activation in normoxic, 

but not in hypoxic conditions. 
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3.4   Role of SOD1 and Hypoxia in the Modulation of Apoptosis Levels

Apoptosis is the process through which cells are either genetically or environmentally 

induced to commit suicide.  It is well known that many types of cancer arise and progress due 

to dysregulation of apoptosis pathways, resulting in aberrant cell growth and survival.  

Therefore, we chose to measure the effects of SOD1 on CXCR4-mediated cell survival 

following apoptosis induction.  

Results of the apoptosis assays in normoxic conditions are shown in Figure 3.6.  

Figures 3.6A and B show the levels of necrosis and apoptosis respectively.  Figure 3.6A 

demonstrates that following treatment with etoposide, an apoptosis-inducing topoisomerase 

inhibitor, there is no difference in levels of necrosis, as measured by percentage of propidium 

iodide (PI) positive, Annexin V (AV) negative cells.  This figure also demonstrates that there 

is no significant effect of CXCL12 stimulation or SOD1 expression level on necrosis levels.  

Figure 3.6B demonstrates that apoptosis levels increase significantly following etoposide 

treatment, as was expected (p<0.05).  Also, this figure shows that pcDNA transfected cells 

demonstrate a reduction in apoptosis following 18 hr stimulation with CXCL12, measured as 

percentage of AV positive stained cells (p<0.05).  This reduction in apoptosis following 

CXCL12 treatment was not seen in cells transfected with SOD1 WT or SOD1 siRNA 

following CXCL12 stimulation, although a trend towards decreased apoptosis is observed for 

SOD1 WT. Overall, these results suggest that knockdown of SOD1 with siRNA seems to 

ablate the reduction in apoptosis seen following stimulation seen in the pcDNA control cells,

supporting the notion of a protective effect of SOD1 in the cell following CXCL12 

stimulation. 
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We next repeated the same experiment in hypoxic conditions and the results are

shown in Figure 3.7.  Figure 3.7A demonstrates that none of the treatments caused 

significantly different levels of necrosis.  Figure 3.7B shows the levels of apoptosis, 

measured as percentage AV staining.  First, hypoxic conditions increase the overall basal 

apoptosis levels, without etoposide treatment, to approximately 20% of all cells.  Results 

demonstrate that levels of apoptosis decrease following stimulation of pcDNA vector 

control-transfected cells pre-treated with etoposide (p<0.05).  However, there is no 

significant change in apoptosis levels following stimulation of either SOD1 WT or SOD1 

siRNA transfected cells. This data suggests that in normal and hypoxic conditions, the 

pcDNA-expressing control cells are protected from apoptosis following CXCR4 stimulation.

While SOD1 overexpression seems to have caused a trend towards a decrease in apoptosis 

following CXCR4 stimulation in normal conditions, this does not necessarily seem to be the 

case in hypoxic conditions. Additionally, in both normal and hypoxic conditions, SOD1 

knockdown seems to have caused no significant change in levels of apoptosis following 

stimulation of CXCR4.  

Overall, results from our apoptosis experiments suggest that in the PC3 cell model 

system, in normal and in hypoxic conditions, CXCR4 stimulation protects against apoptosis.  

However, in in hypoxia, SOD1 overexpression is not able to reduce levels of apoptosis 

following CXCR4 stimulation to the same extent as in normal conditions.

3.5   Effects of SOD1 on CXCR4-Mediated Cell Migration

In order to provide more insight into the downstream effects of the totality of the 

complex cell signaling events occurring inside the cell we performed transwell migration 
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experiments.  Transwell migration assays are an excellent tool to study migration and an 

overview of this technique is provided in Figure 2.2. We measured the number of cells that 

migrated in control conditions and subtracted this from the number of cells migrated in the 

presence of CXCL12 as net migration.  As an additional aspect of this experiment, we used 

i in order to determine whether or not the CXCR4-

i. 

The results from the transwell migration experiments performed in normoxic 

conditions is provided in Figure 3.8A.  This figure demonstrates that following exposure to 

the chemoattractant there is a significant increase in migration in cells transfected with 

pcDNA (p<0.001).  However, there is not a significant increase in the cells transfected with 

either SOD1 WT or SOD1 siRNA although the siRNA trends towards rescuing the migration 

i inhibitor, there is no change in 

migration levels.  

The results from the same experiment conducted in hypoxic conditions for 24 hr are 

displayed in Figure 3.8B.  Results demonstrate that there is no significant increase in 

migration following stimulation of any SOD1 overexpressing or SOD1 knockdown cells.

However, the pcDNA control tansfected cells do show a significant increase in migration 

following stimulation (p<0.05). However, following treatment with PTX, there is a 

significant increase in the migration of PC3 cells following stimulation with CXCL12 

(p<0.001).  Taken together, the results obtained from the transwell migration assay suggest 

that overexpression of SOD1 WT ablates the migration of PC3 cells in both normal and 

hypoxic conditions.  Also, these results indicate that in PC3 cells, PTX, a known inhibitor of 

i proteins, inhibits migration in normoxic but not in hypoxic conditions. 
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3.6   Modulation of G Protein Coupling by SOD1 and Hypoxia

We next sought to investigate the possible mechanism through which SOD1 

interaction with CXCR4 could modulate downstream signaling.  It has been shown that, 

i q can be activated by CXCR4, these G proteins may play differing 

roles in cell migration.  We used the BRET technique in living cells to measure the coupling 

i q G proteins. An overview of the technique can be found in 

Figure 2.3.  Basically, the higher the ratio between donor:acceptor (Rluc II:YFP) emission, 

the closer the proteins of interest are together.  

Figure 3.9A demonstrates the results obtained with BRET analysis of PC3 cells 

maintained in normoxic conditions. Figure 3.9A shows that following stimulation with 

CXCL12, regardless of SOD1 transfection (pcDNA, SOD1 WT or SOD1 siRNA), there was 

i (p<0.05 for pcDNA and SOD1 

siRNA, p<0.01 for SOD1 WT).  Interestingly, similar results were found with CXCR4 and 

q coupling, regardless of SOD1 expression level (p<0.05 for pcDNA and SOD1 WT, 

p<0.01 for SOD1 siRNA).  This indicates that in normoxic conditions, following a 2 min 

CXCL12 stimulation, CXCR4 comes in close enough proximity to be likely interacting with 

i q.

Figure 3.9B displays the results of the same experiment conducted with cells that had 

been maintained in hypoxic conditions for 8 hr prior to the experiment start.  Firstly, 

following CXCL12 stimulation, there was no significant increase in the BRET1 ratio,

i.  This indicates that 

i when the cells had been
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cultured in hypoxic conditions.  Following stimulation, there was a significant increase in the 

BRET1 ratio measured q, regardless of whether the cells were 

transfected with pcDNA, SOD1 cDNA or SOD1 siRNA (p<0.05 for pcDNA and SOD1 WT,

p<0.01 for SOD1 siRNA). Taken together, these results demonstrate that SOD1 expression 

level does not alter the physical coupling of CXCR4 with the G proteins in normal 

conditions.  However, for cells cultured in hypoxic conditions a shift in G protein interaction 

i and q q, regardless of SOD1 expression levels tested was noted, 

although more experiments are needed to validate this observation.  
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Figure 3.1  Endogenous Levels of CXCR4 and SOD1 in Normal and Hypoxic 
Conditions in PC3 Cells.
A. Top panel shows a representative western blot against SOD1 in normoxic and hypoxic 

-actin.  Bottom panel is a histogram summarizing the 
results of the western blot experiment.  B. Top panel shows a representative western blot 

-actin.  
Bottom panel shows the effect of hypoxic conditions on the endogenous expression of 
CXCR4.  Results represent the means ±SEM of 5 independent experiments.
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Figure 3.2  Endogenous Interaction between CXCR4 and SOD1 in PC3 Cells.  
This image shows a co-immunoprecipitation (Co-IP) experiment performed on non-
transfected PC3 cells.  The first two lanes are non-transfected PC3 cells and the last two 
lanes are PC3 cells transfected with SOD1 siRNA to reduce SOD1 levels.  The second and 
fourth lane display results of the experiment using PC3 cells that had been stimulated with 
100 ng/ml CXCL12.  Top panel shows the results of the Co-IP, where CXCR4 was 
precipitated with an anti-CXCR4 antibody, then run with SDS-PAGE and immunoblotted 
with an anti-SOD1 antibody.  The middle and bottom panels show the lysate from the Co-IP 
experiment, run with SDS-PAGE and blotted against CXCR4 and SOD1, respectively.  
Results are representative of 3 independent experiments. 
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Figure 3.3  Exogenous Interaction Levels between CXCR4 and SOD1 in PC3 cells in 
both Normal and Hypoxic Conditions. 
A. Western blots showing transient transfection of SOD1 and CXCR4.  Each panel shows 
two lanes, lane 1 contains non-transfected PC3 cell lysate and lane 2 contains lysate of cells 
transfected with CXCR4-HA and SOD1-c-myc.  First panel is blotted against c-myc and the 
second against HA.  B. Representative results of a Co-IP experiment. PC3 cells were 
transfected with CXCR4 and SOD1.  Lane 2 and 4 display results of the experiment using 
cells that were stimulated with 100 ng/ml CXCL12 for 15 min. Top panel shows results of 
the Co-IP, where CXCR4 was precipitated and SOD1 was immunoblotted.  The middle and 
bottom panels show the lysate from the Co-IP experiment, blotted against SOD1 and 
CXCR4, respectively.  C.  Histogram summarizing the results of the Co-IP experiment.  The 
Co-IP blot density was normalized to non-stimulated CXCR4 levels in normoxic conditions.  
Results represent the means ±SEM of 4 independent experiments. *p<0.05, using two-way 
ANOVA with a Bonferroni posttest.
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Figure 3.4  Effects of both SOD1 and Hypoxia on CXCR4-Mediated Extracellular 
Signal-Regulated Kinase Activation in PC3 Cells.
A. Representative western blot against p-ERK1/2 (top panel) and total ERK1/2 (bottom 
panel).  All cells were transfected with CXCR4. First two lanes show the results from PC3 
cells co-transfected with pcDNA, the next two of cells co-transfected with SOD1 cDNA and 
the last two of cells co-transfected with SOD1 siRNA.  Lanes 2, 4 and 6 display results of the 
experiment using PC3 cells that were stimulated for 15 min with 100 ng/ml CXCL12. B. 
Same representative western blot against p-ERK1/2 and total ERK1/2 as found in A, using 
cell lysate from PC3 cells maintained in hypoxic conditions for 8 hr prior to experimentation. 
C. Histogram summarizing results found in A.  The bars are in the same order as the lanes in 
image A. p-ERK1/2 blot density was normalized first to total ERK1/2 levels, then to blot 
density of non-stimulated cells co-expressing the pcDNA vector control.  D. Histogram 
summarizing results found in B.  Blot density values normalized as per image C. Results 
represent the means ±SEM of 5 independent experiments in normoxic conditions, and 4 
independent experiments in hypoxic conditions. *p<0.05, using two-way ANOVA with a 
Bonferroni posttest.
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Figure 3.5  Effects of both SOD1 and Hypoxia on CXCR4-Mediated AKT/ Protein 
Kinase B (PKB) Activation in PC3 Cells. 
A. Representative western blot against p- -actin (bottom panel).  All 
cells were transfected with CXCR4. First two lanes show the results from PC3 cells co-
transfected with pcDNA, the next two of cells co-transfected with SOD1 cDNA and the last 
two of cells co-transfected with SOD1 siRNA.  Lanes 2, 4 and 6 display results of the 
experiment using PC3 cells that had been stimulated for 15 min with 100 ng/ml CXCL12 
prior to experimentation. B. Same representative western blot against p- -actin as 
found in A, using cell lysate from PC3 cells maintained in hypoxic conditions for 8 hr prior 
to experimentation. C. Histogram summarizing results found in A.  The bars are in the same 
order as the lanes in image A. p-AKT blot den -actin levels, then 
to blot density of non-stimulated cells co-expressing the pcDNA vector control.  D. 
Histogram summarizing results found in B.  Blot density values normalized as per image C. 
Results represent the means ±SEM of 5 independent experiments in normoxic conditions, 
and 4 independent experiments in hypoxic conditions. *p<0.05, **p<0.01, using two-way 
ANOVA with a Bonferroni posttest.
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Figure 3.6  Effect of SOD1 and CXCR4 on Apoptosis Levels in PC3 Cells in Normoxic 
Conditions. Results of PC3 cells transfected with CXCR4 and maintained in normoxic 
conditions.  A. Percent necrotic cells, identified as propidium iodide (PI) positive and 
Annexin V (AV) negative.  First four bars, bars 5 and 6 and bars 7 and 8 represent results 
from cells co-transfected with pcDNA, SOD1 cDNA and SOD1 siRNA, respectively.  The 
first two bars represent results from cells that were not treated with etoposide, while the 
remaining bars were all pre-treated with etoposide. Bars 2, 4, 6 and 8 display results of the 
experiment using PC3 cells that had been stimulated with 100 ng/ml CXCL12 for 18 hr.  B. 
Percent apoptotic cells, identified as positive for AV staining. Bar layout is the same as seen 
in image A. Results represent the means ±SEM of 5 independent experiments. *p<0.05, 
***p<0.001, using two-way ANOVA with a Bonferroni posttest.
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Figure 3.7  Effect of SOD1 and CXCR4 on Apoptosis Levels in PC3 Cells in Hypoxic 
Conditions.  Results of PC3 cells transfected with CXCR4 and maintained in hypoxic 
conditions for 24 hr.  A. Percent necrotic cells, identified as propidium iodide (PI) positive 
and Annexin V (AV) negative.  First four bars, bars 5 and 6 and bars 7 and 8 represent results 
from cells co-transfected with pcDNA, SOD1 cDNA and SOD1 siRNA, respectively. The 
first two bars represent results from cells that were not treated with etoposide, while the 
remaining bars were all pre-treated with etoposide. Bars 2, 4, 6 and 8 display results of the 
experiment using PC3 cells that had been stimulated with 100 ng/ml CXCL12 for 18 hr.  B. 
Percent apoptotic cells, identified as positive for AV staining. Bar layout is the same as seen 
in image A. Results represent the means ±SEM of 4 independent experiments. *p<0.05, 
using two-way ANOVA with a Bonferroni posttest.
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Figure 3.8  Effect of SOD1 and Pertussis Toxin (PTX) on CXCR4-Mediated Migration 
in Response to CXCL12 in both Normoxic and Hypoxic Conditions.
A. Histogram summarizing results of transwell migration experiments using PC3 cells 
transfected with CXCR4 in normoxic conditions.  Columns 1, 2, 7, and 8 represent results 
from PC3 cells co-transfected with the pcDNA vector control.  Bars 3 and 4 represent results 
from PC3 cells co-transfected with SOD1 cDNA.  Bars 5 and 6 represent results from PC3 
cells co-transfected with SOD1 small-interfering RNA (siRNA).  Bars 2, 4, 6 and 8 represent 
results from PC3 cells treated for 24 hr with the chemoattractant CXCL12.  Bars 7 and 8 
represent results from PC3 cells pre- i inhibitor PTX. B. Histogram 
summarizing results of transwell migration experiments using PC3 cells transfected with 
CXCR4 in hypoxic conditions.  The layout of the bars is the same as that seen in image A. 
Results represent the means ±SEM of 4 independent experiments in normoxic conditions and 
3 independent experiments in hypoxic conditions. *p<0.05, ***p<0.001, using two-way 
ANOVA with a Bonferroni posttest.
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Figure 3.9  Effect of SOD1 on G Protein Coupling, Assessed Using Bioluminescence 
Resonance Energy Transfer (BRET), with CXCR4 in both Normoxic and Hypoxic 
Conditions.  
A. Histogram summarizing the results of the BRET experiments in PC3 cells in maintained 
in normoxic conditions. The first 6 bars represent results from PC3 cells co-transfected with 
CXCR4- i-Renilla luciferase (RlucII), while the last 
6 bars represent results from PC3 cells co-transfected with CXCR4- q-RlucII.  B. 
Histogram summarizing the results of the BRET experiments in PC3 cells in maintained in 
hypoxic conditions.  Results represent the means ±SEM of 4 independent experiments in 
normoxic conditions and 4 independent experiments in hypoxic conditions. *p<0.05, 
**p<0.01, using unpaired, two-tailed one-sample T-tests.  
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CHAPTER 4:  DISCUSSION

4.1  Overview and Preliminary Findings

Prostate cancer is the second most commonly diagnosed cancer in males globally 

(Jemal et al., 2011).  With an aging population and increased comorbidities such as obesity 

and inactivity, prostate cancer will only become more of a physical threat and financial 

burden to our society.  Although there have been excellent attempts to encourage screening 

for early detection, this disease can be aggressively metastatic.  The American Cancer 

Society suggests that as many as 1 in every 36 men in the United States will die of prostate 

cancer.  Thus, current treatments for this disease are insufficient; more efforts need to be 

directed towards the understanding of aggressive and metastatic prostate cancers in order to 

help decrease mortality rates.

In order to discover new potential targets for the pharmaceutical treatment of prostate 

cancer, our lab began examining the CXCR4 receptor.  There is a plethora of evidence that 

implicates CXCR4 in the development, progression and metastatic potential of prostate 

cancer (Akashi et al., 2008; Darash-Yahana et al., 2004; Domanaska et al., 2012; Fischer et 

al., 2008; Sun et al., 2003; Taichman et al., 2002; J. Wang et al., 2006; S. Zhang et al., 2008).

Our lab performed a yeast-two hybrid screen to find proteins that interact with CXCR4 in an 

attempt to enhance the comprehension of the regulation of this GPCR.  This screen found 

that CXCR4 interacted with SOD1.  Due to the fact that CXCR4 levels are especially 

elevated in prostate cancer above other cancer types (Fischer et al., 2008), and because this 

type of cancer has a high probability of metastasizing, we chose to investigate this interaction 

in a cell model of prostate cancer.  
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This study used PC3 cells for several reasons.  Firstly, these cells are highly 

metastatic in comparison with other prostate cancer cells lines (Muralikrishna et al., 2005);

secondly, PC3 cells express CXCR4 protein, a finding that we confirmed in Figure 3.1A 

(Singh, Singh, Grizzle, & Lillard, 2004); lastly, they are from prostate cancer that has 

metastasized to bone and is androgen independent, suggesting an advanced disease state 

(Sobel & Sadar, 2005). We also found that PC3 cells, like some other cancer cell types, 

exhibited detectable levels of SOD1 (Figure 3.1B).  Interestingly, there have been various 

studies that report increases and decreases in the levels of SOD1 and/or activity in prostate 

cancer tissue vs. normal tissue.  For example, Battisti et al., 2011 examined 55 patients and 

55 healthy controls and found increased levels of SOD1 activity in the patients, although no 

protein levels analysis was completed (Battisti et al., 2011).  In contrast, Bostwick et al., 

2000 showed that SOD1 is present in prostate cancer tissue, but it is found at a higher level in 

non-malignant tissue (Bostwick et al., 2000). While this study can confirm that SOD1 is 

present at endogenous and detectable levels in PC3 cells, it cannot compare these levels with 

healthy cells. 

We also decided that examining CXCR4 and SOD1 protein level in normal vs. 

hypoxic conditions was an important preliminary experiment to perform.  The results are 

shown in Figures 3.1C and 3.1D. Figure 3.1D shows that SOD1 levels increase significantly 

in a hypoxic environment, as was expected. Figure 3.1C shows that in contrast with the 

available literature (Brahimmi-Horn et al., 2007; Gupta & Massagué, 2006; Schioppa et al., 

2003), the levels of CXCR4 do not change significantly following 8 hr incubation in hypoxic 

conditions, although there is a non-significant trend towards an increase.  We believe that this 

apparent increase would become significant with either more experimental replicates or 
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longer time in hypoxic conditions; the 8 hr incubation may not be sufficient time in the 

hypoxic conditions for the cells to react by increasing transcription and subsequent 

translation of CXCR4 receptors.  

Following confirmation that both CXCR4 and SOD1 are detected at endogenous 

levels in PC3 cells, we performed CO-IP experiments to determine whether or not the 

interaction seen with the yeast-two hybrid screen was also present in a cancer cell line model.  

As seen in Figure 3.2, CXCR4 interacts with SOD1 at an endogenous and basal level.

Stimulation with CXCL12 for 15 min seemed to increase this interaction, although this was 

not quantified in this exploratory experiment.  The specificity of this interaction was 

supported by the fact that knockdown of SOD1 with siRNA resulted in a decreased level of 

interaction. After proving that this interaction occurs at an endogenous level in PC3 cells, we 

chose to overexpress CXCR4 and SOD1.  We confirmed the successful transient transfection 

of PC3 cells with both SOD1-c-myc and CXCR4-HA constructs by performing western blots 

against the respective tags, as seen in Figures 3.3A and 3.3B.

In order to address our hypothesis that the interaction between CXCR4 and SOD1 

would decrease in hypoxic environments due to the buildup of ROS, we performed another 

Co-IP experiment.  We cultured PC3 cells that were transfected with CXCR4 and SOD1 in 

either normal or hypoxic environments and performed the same experiment, 

immunoprecipitating CXCR4 and immunoblotting against SOD1.  The representative results 

can be seen in Figure 3.3C.  Furthermore, we attempted to quantify this data; the 

corresponding histogram in Figure 3.3D shows the intensity of the Co-IP band, standardized 

to CXCR4 input levels and normalized relative to the non-stimulated, nomoxic levels of 

interaction.  These results support our hypothesis that there is an increase in the level of 
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interaction following stimulation of CXCR4 by CXCL12.  These results also demonstrate 

that in hypoxic conditions, the increase in interaction between these two proteins following 

stimulation is ablated.  However, these results are not exactly what we expected, as there is 

no statistical difference between the basal level of interaction between CXCR4 and SOD1 in 

normoxic vs. hypoxic environments.  Whether or not this lack of difference is a result of 

sample size is unknown at this point.  Taken together, these results are partially supportive of 

our hypothesis, but the fact that they are not fully in line with what we had anticipated,

suggest that our initial hypothesis may have been too simple and require further 

investigation. 

Due to the role that CXCR4 and SOD1 play independently in prostate cancer 

incidence and metastasis, this study aimed to examine the effects of the interaction between 

CXCR4 and SOD1.   As we were primarily interested in the metastatic process, we examined 

signaling pathways known to play a role in survival and proliferation, cell migration and 

apoptosis, all processes known to be important for cancer spread. 

4.2  SOD1 May Modulate CXCR4-Induced ERK1/2 and AKT Activation

In order to more closely examine the role that the interaction between SOD1 and 

CXCR4 could have on CXCR4 signaling in PC3 cells, we chose to examine the activation of 

the ERK1/2 and AKT signaling pathways.  Generally speaking, activation of these kinases 

leads to increased survival, migration and proliferation, and accordingly, are expected to be 

very active in cancer cells.  Protein kinases have become one of the main subjects of interest 

for target-based chemotherapeutic development for several reasons.  Firstly, these molecules, 

responsible for adding phosphate groups of other proteins, are usually an important 
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checkpoint in signal transduction pathways, in that their kinase activity is required for the 

inhibition or activation of downstream events.  The importance of these molecules is 

emphasized by the fact that of the 518 known human kinases, over 150 have been implicated 

in diseases (Roberts & Der, 2007). Secondly, there are at least10 kinase-targeted 

pharmaceuticals currently approved for use in humans (Roberts & Der, 2007).  Mutations in 

these kinase signaling pathways such as the ERK1/2 and AKT, are commonly associated 

with cancer development, highlighting their importance (Hilger et al., 2002; Roberts & Der, 

2007). Lastly, and most important for this study, both AKT and ERK1/2 can be induced by 

increased levels of ROS (Waris & Ahsan, 2006).

ERK molecules are mitogen activated protein kinases (MAPKs) that can be activated 

by several types of cell surface receptors, including EGFRs and GPCRs.  The activated,

phosphorylated p-ERKs will go on to activate a variety of transcription factors ultimately 

leading to increases in cell proliferation, survival and migration.  In this particular study, we 

chose to examine ERK1 and ERK2 due to their implication in cell growth, movement and 

differentiation. 

In order to determine the effects of SOD1 on CXCR4-mediated ERK1/2 activation, 

we transfected PC3 cells with CXCR4 and a pcDNA vector control or SOD1 WT or SOD1 

siRNA.  We then stimulated these cells with 100 ng/ml CXCL12 for 15 min and performed 

western blots against p-ERK1/2 with this cell lysate.  While we were unsure of what to 

expect with the addition of SOD1 WT or SOD1 siRNA, we hypothesized that stimulation of 

CXCR4 in cells expressing the pcDNA vector control would cause an increase in ERK1/2

activation, as this has also been found in other prostate cancer studies (Gladson & Welch, 

2008; J. Wang et al., 2006).  Figures 3.4A and 3.4C demonstrate that in contrast with what 
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we had expected, there was not a significant increase in p-ERK1/2 formation following 

stimulation of cells expressing pcDNA. There does, however, seem to be a trend towards an 

increase in p-ERK1/2 formation, suggesting that more replicates may be needed.  Of interest,

following simulation of CXCR4, p-ERK1/2 levels increase in cells co-transfected with 

CXCR4 and SOD1 WT.  Cells with decreased levels of SOD1 via SOD1 siRNA transfection 

do not display significant ERK1/2 activation following stimulation.  These findings are in 

line with what was found by Juarez et al., 2008, albeit in a different system.  They found that 

SOD1 was integral for the activation of ERK1/2 in human umbilical vein endothelial cells 

(HUVEC) following stimulation with growth factors, as knockdown with SOD1 siRNA or 

inhibition with ATN-224 significantly impaired p-ERK formation (Juarez et al., 2008).  In 

total, these results of ERK1/2 activation in normoxic conditions are similar with what we had 

expected, but also may suggest that the physical interaction between SOD1 and CXCR4 may 

be modulating CXCR4 signaling in ways we did not initially expect.    

Results from the same experiment performed following 8 hrs in hypoxic conditions 

are shown in Figures 3.4B and 3.4D.  These results show that although there seemed to be a 

trend towards an increase in ERK1/2 activation following stimulation of CXCR4 with 

CXCL12, none of these increases were significant.  This ERK1/2 activation data supports our 

hypothesis, as we hypothesized that the effect that SOD1 would have in normoxia, here, an 

increase in ERK1/2 activation, would not be seen in hypoxic conditions.   

Nevertheless, it is also important to note that an increase in SOD1 may not be 

necessarily linked with decreases in ROS. As previously mentioned, SOD1 is responsible for 

breaking superoxide into another ROS, H2O2.  Therefore, if there are insufficient enzymes 

available for the breakdown of H2O2 within the cell, overall oxidative stress may not 
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decrease as a result of increased SOD1 levels (Johnson & Giulivi, 2005). It has also been 

shown that H2O2 can itself activate ERK and AKT pathways (Chetram et al., 2011b; Juarez 

et al., 2006; Song, Lee, Jeong, Min, & Shin, 2005). Therefore, the results seen in these 

experiments may be convoluted by the fact that increases in p-ERK formation could be a 

result of increased H2O2 within the cells following overexpression of SOD1.  In this context, 

more work needs to be done to separate the role of SOD1 as a CXCR4 interacting protein, an 

antioxidant and a producer of H2O2.

AKT is another kinase known to play a role in the transition to the metastatic 

phenotype.  The PI3K/AKT pathway is closely linked to cell survival and increases in both 

cell size and number (Vivanco & Sawyers, 2002). Studies have demonstrated that there is an 

increase in active, p-AKT following stimulation with dihydrotestosterone in prostate cancer 

cells cultured in normal conditions (Yamasaki, Nomura, Sato, & Mimata, 2012).

Furthermore, Yamasaki et al., 2012 found that chronic exposure to hypoxia caused 

constitutive activation of AKT.  This is particularly important in the context of cancer, as 

AKT can prevent the induction of apoptosis. For example, AKT can activate a kinase that 

results in the degradation of an NF- inhibitor, causing increased activity of this pro-

survival transcription factor (Vivanco & Sawyers, 2002).

Similar to the ERK experiments, we transfected PC3 cells with the appropriate cDNA

or siRNA, stimulated for 15 min with 100 ng/ml CXCL12 and performed a western blot 

against p-AKT with the lysate.  Results are shown in Figures 3.5A and 3.5C for experiments 

carried out with normal cells and Figures 3.5B and 3.5D for experiments done with cells 

maintained in hypoxic conditions prior to experimentation.  Results demonstrate that, as we 

expected, cells expressing the pcDNA vector control exhibited activation of AKT following 



76  

stimulation.  This result is in support of the literature, where stimulation of CXCR4 causes p-

AKT formation in a variety of cancer cell types (Scotton et al., 2002; Vivanco & Sawyers, 

2002). Overexpression of SOD1 did not change this result.  However, cells treated with 

SOD1 siRNA did not exhibit an increase in AKT activation following stimulation.  Taken 

together, these results suggest that SOD1 may be important for the CXCR4-mediated 

activation of AKT in normal conditions and that the endogenous SOD1 in PC3 cells may be 

sufficient to allow AKT activation.  

In hypoxic conditions, there was not a significant activation of AKT following 

stimulation, regardless of SOD1 expression levels.  This suggests that the increase in p-AKT 

formation seen in cell transfected with either pcDNA or SOD1 occurs in normoxic, but not in 

hypoxic conditions.  Therefore, the CXCR4-induced p-AKT formation that could lead to 

protection of the PC3 cells from apoptosis is no longer present in hypoxic conditions.  

Nevertheless, there does seem to be a trend towards an increase in AKT activation in cells 

maintained in hypoxic conditions that were overexpressing SOD1, suggesting that more 

replicates may be required.  These results correlate with what was seen by Yamasaki et al., 

2012, where there was no significant change in AKT activation following exposure to acute 

hypoxia but constitutive activation of AKT following exposure to chronic hypoxia. It could 

be beneficial to repeat these experiments in cells exposed to chronic hypoxia.  

In summary, the results presented clearly demonstrate that SOD1 has an effect on 

CXCR4-mediated ERK and AKT activation.  However, the multitude of signaling steps both 

before and after ERK/AKT activation, in addition to the multiple types of roles that SOD1 

could potentially play in this system, convolute the results that we can gather from these 

studies.  Therefore, we decided to conduct different types of experiments in order to 
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determine the functional result of the effects that SOD1 seems to have on CXCR4-mediated 

signaling. 

4.3  SOD1 Protects Against Apoptosis in Normoxic, but not in Hypoxic Conditions 

Apoptosis is a form of cell suicide that is ubiquitous among eukaryotes.  Analyzing 

apoptosis levels was particularly important in this study, as cancer cells commonly bear 

mutations in their apoptotic machinery, which allow the tumor cells to grow and proliferate 

indefinitely.  Also, CXCR4 and SOD1 are independently capable of modulating apoptosis 

levels.  

In stark contrast to what the media and most of the literature leads us to believe, there 

is a dual role for antioxidants in cancer development and progression, largely due to their role 

in apoptotic processes.  On one hand, oxidative stress leading to DNA damage can indeed be 

a contributor to cancer development; antioxidants, the reactive oxygen scavenging species, 

can break down the harmful ROS and potentially protect the DNA from this damage 

(Halliwell, 1994; Salganik, 2001).  ROS have been well-established in the literature as 

mediators of apoptosis or cell suicide (Salganik, 2001). For instance, studies have implicated 

ROS as a downstream mediator of p53-mediated apoptosis (T. M. Johnson, Yu, Ferrans, 

Lowenstein, & Finkel, 1996; Salganik, 2001). This type of evidence was corroborated in part 

by a study in 2005 that displayed inhibition of PC3 prostate cancer cell growth and 

significant inhibition of tumor growth in mice following treatment with pomegranate (Malik 

et al., 2005). On the other hand, many anti-cancer therapies kill transformed cells through 

the increase of ROS and subsequent induction of apoptosis (Hileman et al., 2004; Juarez et 

al., 2006; Salganik, 2001; Watson, 2013).  Consequently, while an increase in cellular 
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antioxidants may be beneficial for preventing initial DNA damage leading to cancer, the 

same reactive oxygen scavenging molecules can help protect cancer cells from apoptosis and 

potentially decrease the efficacy of certain chemotherapeutics.  Therefore, we believed that 

closer examination of the effects of SOD1 on apoptosis was required.  

One of the many downstream events following CXCR4 activation by CXCL12 is the 

prevention of apoptosis.  There is a wealth of evidence available to suggest that CXCR4 

stimulation decreases rates of apoptosis.  In several examples, AMD3100, a selective 

CXCR4 inhibitor, was able to reverse the decrease in apoptosis seen with addition of 

CXCL12 and increase rates of apoptosis within cancer cells (Rubin et al., 2003; J. Wang et 

al., 2006).  Other studies have used glioma cells to demonstrate that CXCL12 stimulation of 

CXCR4 prevented apoptosis even following serum starvation, likely through the AKT 

pathway (Zhou, Larsen, Hao, & Yong, 2002).  Therefore, our results in normoxic conditions, 

found in Figure 3.6B, are similar to what was seen in the literature, as treatment of PC3 cells 

transfected with CXCR4 and the pcDNA vector control exhibited a significant decrease in 

apoptosis following 18 hr 100 ng/ml CXCL12 treatment.  Neither the SOD1 WT nor the 

SOD1 siRNA transfected cells showed a significant difference between vehicle and CXCL12 

treatment, however the SOD1 overexpressing cells seem to trend towards a decrease in 

apoptosis levels following stimulation. This finding is in line with what has been seen in the 

literature, as antioxidants in general have an anti-apoptotic effect through their ability to 

scavenge ROS (Salganik, 2001).

We then conducted the same experiment with PC3 cells that were maintained in 

hypoxic conditions for 18 hr.  The results from these experiments are seen in Figure 3.7.  

These results show, similar to what was seen in normoxic conditions, that pcDNA vector 
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control transfected cells exhibit a decrease in apoptosis following CXCL12 stimulation. 

However, while there was a trend towards a decrease in apoptosis following stimulation of 

SOD1 overexpressing cells in normoxia, this was no longer apparent in hypoxic conditions.  

We believe that this could be for several reasons.  First, the blunting of the protective effect 

of SOD1 on CXCR4-mediated apoptosis may be a result of increased levels of H2O2 within 

the cells causing some apoptosis (Cerella et al., 2009).  Secondly, we believe that these 

results are in support of our hypothesis, as we believed that SOD1 would have less of an 

effect on CXCR4 signaling in hypoxic conditions.  

Taken together, our results from the apoptosis experiments are in accordance with 

what is known in the literature.  CXCR4 stimulation has an anti-apoptotic effect in both 

normoxic and hypoxic conditions.  However, our study suggests that SOD1 overexpression 

protects cells from apoptosis in normoxic, but not necessarily in hypoxic environments.  In 

the future, we plan to confirm these experiments with an independent marker of apoptosis, 

such as caspase activation. This would be advantageous, as differentiation between apoptotic 

vs. necrotic cells by Annexin V staining is a contentious issue. This is mostly because 

permeabilization of the plasma membrane can occur in necrosis and could potentially allow 

Annexin V labeling to occur in the absence of apoptosis.  In addition, it would be 

advantageous to couple overexpression of SOD1 with catalase in order to determine whether 

or not H2O2 has an effect on apoptosis in our experiments. 

4.4  SOD1 Inhibits Migration in Normoxic and Hypoxic Environments

We then employed transwell migration assays in order to examine the possibility that 

the effect of SOD1 on CXCR4-mediated ERK1/2 activation translated to a functional effect
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in normal and hypoxic conditions. An overview of the technique is provided in Figure 2.2 

and the results from this experiment are in Figure 3.8.  

In normoxic conditions, as shown in Figure 3.8A, CXCL12 stimulation significantly 

increased the number of pcDNA vector-transfected control migratory cells over the same 

cells in absence of CXCL12.  This is what was expected, as CXCR4 activation has been 

shown to cause cell migration (Balkwill, 2004b; Helbig et al., 2003; Kukreja et al., 2005; 

Müller et al., 2001; Ok et al., 2012; Scotton et al., 2002; S. Zhang et al., 2008) . For 

example, Singh et al., 2004 found that PC3 prostate cancer cells migrated towards CXCL12 

in a transwell migration assay.  Also, this study showed that the CXCL12-stimulated 

migration was ablated by the addition of an anti-CXCR4 antibody (Singh, Singh, Grizzle, et 

al., 2004).  However, transfection with SOD1 WT seems to have diminished the migration, 

as there is no longer an increase in migration following stimulation of these cells.  This 

finding is in concert with what was seen in Chetram et al., 2011, where cells exhibited higher 

levels of CXCR4-mediated migration following the addition of H2O2, mimicking ROS

accumulation. We believe that overexpression of SOD1 could decrease levels of ROS, 

diminishing the amount of migration.  This would be similar to what is seen in other studies, 

where cell migration generally increases in response to oxidative stress (Brahimmi-Horn et 

al., 2007).  However, these results are again complicated by the fact that SOD1 should 

decrease oxidative stress, but in theory it could be increasing levels of H2O2.  In order to 

address this problem, we could add catalase to the system in order to combat the H2O2.  Cells 

transfected with SOD1 siRNA also did not migrate in response to CXCL12.  Interestingly, 

this result found in SOD1 siRNA treated cells does correspond with a study from Luo et al., 

2007, where cells isolated from mice that express SOD1 G93A, a SOD1 mutant with 
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decreased SOD1 function, have a lower propensity to migrate towards CXCR4 following 

stimulation (Luo et al., 2007).

In hypoxic conditions, seen in Figure 3.8B, pcDNA vector-transfected control cells 

show a significant increase in migration following CXCL12 stimulation.  However, in SOD1 

overexpressing cells and the SOD1 siRNA treated cells do not exhibit the same increase in 

migration following stimulation. At first glance, these findings are not in line with what we 

expected to happen; if oxidative stress can cause migration, hypoxia should increase 

migration, as has been shown by others (Brahimmi-Horn et al., 2007; Chetram et al., 2011a).

Instead, we found that there was no obvious difference between normal vs. hypoxic treatment 

on migration levels with variable SOD1 expression levels. However, studies by Yamasaki et 

al., 2011 examined the different response of prostate cancer cells to acute vs. chronic hypoxic 

exposure, where chronic exposure referred to cells maintained in 1% O2 for 6 months.  Their 

findings suggested that acute hypoxia caused a decrease in cell migration, while chronic 

hypoxia resulted in an increase in migration and invasion (Yamasaki et al., 2012).  Therefore, 

more studies need to be done to determine the possible effects of SOD1 on the migration of 

cells maintained in chronically hypoxic conditions. 

Due to the important role of CXCR4-mediated migration of cancer cells in prostate 

cancer metastasis, researchers have aimed to better comprehend what regulates this process.  

i signaling is important for CXCL12-mediated 

q is involved in continuous inhibition of migration in T cells (Ngai et al., 

2009).  The yeast-two hybrid screen performed in our lab demonstrated an interaction 

between loop 1 of CXCR4 and SOD1.  Previous work has shown that loop 1 of the 

thyrotropin receptor is an important site for interaction between the GPCR and the G proteins 
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(Kleinau et al., 2010).  Interestingly, loop 1 of CXCR4 contains only one recognizable motif, 

a KKLR motif.  Other studies have also demonstrated that a BBXB motif, similar to the 

KKLR motif (where B is a basic and X is a non-basic residue), is important for the activation 

i (Okamoto et al., 1994).  Therefore, we decided to examine the possibility that SOD1 

was playing a role in physically modulating G protein coupling with CXCR4, as these 

proteins may interact with the receptor at the same site.  

i in order to determine whether 

or not the CXCR4-mediated migration of PC3 cells was i. Our results from 

these experiments are shown in the last two bars of Figure 3.8A and 3.8B.  In normoxic 

conditions, PTX inhibited the CXCL12-stimulated migration of PC3 cells.  This suggests that 

the migration seen in pcDNA vector-transfected controls following stimulation in normoxia 

i.  This finding is in support of other studies that have found that 

addition of PTX significantly impairs CXCR4-mediated migration of cancer cells (Alsayed et 

al., 2007; Hwang, 2003).  In contrast, in hypoxic conditions, PTX treated cells had a 

significant increase in migration following stimulation with CXCL12.   This finding suggests 

that the migration of PC3 cells in response to CXCL12 in hypoxic conditions in not 

i.  It is known that CXCR4 can coupl i q.  It has also 

i q signaling is important for the 

regulation of cell migration (Ngai et al., 2009).  However, there are not many studies 

available investigating a switch in G-protein coupling; therefore, more studies need to be 

done in order to determine whether or not CXCR4-G protein coupling could change based on 

the cells environment, in this case, the presence or absence of oxygen.  
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4.5  G Protein Coupling with CXCR4 Appears to Change in Hypoxia 

In order to more closely examine whether or not SOD1 plays a role in modulating 

CXCR4-G protein coupling, we performed BRET experiments. Briefly, this technique is 

able to determine whether or not two proteins are within 5 nm of each other.  When proteins 

are in a close enough proximity, the BRET1 ratio will increase, suggesting that the proteins 

could be interacting.  We performed BRET experiments to determine the proximity of 

CXCR4 to both i and q following stimulation with CXCL12.  We co-transfected the 

PC3 cells with SOD1 or SOD1 siRNA in order to determine if this protein-protein interaction 

could modulate G protein coupling with CXCR4.  Results from this experiment in normoxic 

conditions and hypoxic conditions are shown in Figure 3.9A and Figure 3.9B, respectively. 

Results demonstrated that in normoxia, regardless of SOD1 expression levels or G 

protein, there was a significant increase in the BRET1 ratio.  This suggested that stimulation 

i and q.

This was expected, as it is known that CXCR4 can signal through both G proteins (Ngai et 

al., 2009; Shi et al., 2007).  In contrast, in hypoxic conditions, results suggested that 

i does not increase. In contrast, 

there did seem to be an increase in proximity between q following 

stimulation, as indicated by a significant increase in the BRET1 ratio. 

Taken together, these results seem to suggest that CXCR4 couples with both G 

q in hypoxic conditions.  These BRET 

results support what we found in the migration assay experiment; in normoxic conditions, 

i does not effect 

migration.  We plan to further investigate the possibility of a switch in G protein coupling in 
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hypoxic conditions by measuring the second messengers produced by these G proteins.  

Additionally, PTX has been shown to block CXCR4-mediated cell survival (Broxmeyer et 

al., 2003).  Therefore, it would be interesting to see if PTX was able to block CXCR4-

mediated anti-apoptotic activity in normoxic, but not in hypoxic environments, further 

q mediated signaling in hypoxia. 

4.6  Future Directions

While the preceding body of work was able to shed light on the effects on the 

interaction between CXCR4 and SOD1, further work is needed to fully comprehend the 

complexity of the effects of this interaction.  The results of this work demonstrate that SOD1 

is capable of interacting with CXCR4 in a prostate cancer cell line and that the modulation of 

SOD1 levels can result in differential CXCR4 signaling.  In order to advance the potential of 

this interaction as a drug target, several additional experiments need to be done. 

It would be beneficial to this study to include SOD1 activity assays in this project for 

several reasons.  Firstly, this would allow us to verify the change in enzymatic activity 

following overexpression or knockdown of SOD1 protein.  This would also aid in our 

comprehension of the potential effects of CXCR4 activation on SOD1 enzyme function. We 

would analyze levels of SOD1 activity with and without CXCL12 stimulation to assess this

aspect of the project.

Additionally, it would be interesting to perform the same experiments we have 

already conducted, with PC3 cells that have been pre-treated with ATN-224, a SOD1 enzyme 

inhibitor.  These experiments are particularly relevant, as SOD1 inhibitors are used clinically.  

Originally, it was discovered that some of the molecules involved in angiogenesis required 
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copper to function, so copper chelators became an attractive drug to test for the reduction of 

angiogenesis (Brewer et al., 2000; Marikovsky et al., 2002; Pan et al., 2002).  Systemic 

administration of TM was shown to significantly reduce the number and size of blood vessels 

and the size of the tumors formed in mice following xenograft of breast cancer cells (Pan et 

al., 2002).  Next, the second-generation TM drug called ATN-224 was developed.  A phase II 

study of ATN-224 was conducted including patients who had biochemically recurrent 

prostate cancer with a PSA doubling time of <12 months.  Results suggested that 59% of 

patients maintained on the low dose (30 mg daily) of ATN-224 were PSA progression free, 

and some patients even had a reduction in PSA levels (Lin et al., 2011).  This study provided 

substantiation for the hypothesis that drugs targeting the interaction between SOD1 and 

CXCR4 could be useful for the treatment of prostate cancer.  We believe that these results 

support our hypothesis of SOD1 acting as an important sensor of tumor cell environment.  

Pretreatment of PC3 cells with ATN-224 would allow us to determine whether or not the 

effects that we see of SOD1 levels on signal transduction, apoptosis and migration are due to 

the physical interaction between SOD1 and CXCR4 or whether the effects are mainly a result 

of the enzymatic activity of SOD1.  

Next, we would like to examine the potential effects of H2O2 production by SOD1 

in this system.  As previously mentioned, increased levels of H2O2 can induce apoptosis in 

cells (Cerella et al., 2009).  Therefore, it would be beneficial to add catalase, an H2O2-

scavenging antioxidant, to the system.  This would allow us to tease apart the effects of 

SOD1 interaction with CXCR4 from the effects of overproduction of H2O2 by exogenous 

SOD1 expression on apoptosis levels seen in this system. 
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Lastly, we would like to use different experimental techniques to confirm the 

possibility of the switch between CXCR4- i q signaling in normoxia and CXCR4- q 

signaling in hypoxia.  In order to assess this, we need to employ different techniques, as there 

q i.  Therefore, we plan 

to use second messenger reporter assays to measure levels of IP3 q activation and 

i activation in normoxic and hypoxic conditions.  If our preliminary results are 

correct, there should be higher rates of IP3 q activation) in hypoxic 

i should be more effective at 

inhibiting cAMP production in the presence of forskolin, an adenylyl cyclase activator, in 

normoxic conditions than in hypoxic conditions.  This would provide additional evidence 

that O2 levels can influence CXCR4-G protein coupling, ultimately modulating metastasis-

linked cellular effects. 

Following completion of the above-mentioned future work, we should have a more 

comprehensive understanding of the effects of the interaction between SOD1 and CXCR4.  

However, given the complexity of this project, there are multiple avenues this work could 

expand.  We hope to move what is found in the PC3 cell line into an animal model.  We 

would create a cross between the transgene adenocarcinoma mouse prostate (TRAMP) 

transgenic mouse that spontaneously develops metastasizing prostate cancer and a SOD1 -/-

mouse.  This would specifically allow us to analyze the effects of the interaction between 

CXCR4 and SOD1 in an in vivo model.   
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CHAPTER 5:  CONCLUSION

Prostate cancer is a diagnosis that is becoming increasingly common with an aging 

population.  Although there are several effective treatments available for localized disease, 

metastatic prostate cancer remains a dangerous and deadly disease.  The lack of effective 

treatment for late-stage prostate cancer necessitates the continued research and investigation 

into why and how cancer cells metastasize, in addition to the discovery of novel drug targets 

to prevent prostate cancer deaths.  

In order to advance the comprehension of cancer spread, we chose to investigate the 

regulation of the chemokine receptor CXCR4, a receptor that is known to be involved in 

cancer cell growth, motility and survival (Taichman et al., 2002; J. Wang, Loberg, & 

Taichman, 2006; Balkwill, 2004b; Ganju et al., 1998).  Our lab discovered a protein-protein 

interaction between CXCR4 and superoxide dismutase, an antioxidant molecule.  In addition 

to what is known about the role of antioxidants in cancer, SOD1 has also been examined 

independently of CXCR4 as a potential biomarker, a drug target, and a potential site of DNA 

mutations in relation to prostate cancer (Abe et al., 2011; Bostwick et al., 2000; Estrada-

carrasco et al., 2010; Juarez et al., 2006). Due to the vital role that each of these molecules 

play individually in metastasis, we examined the effects of SOD1 on CXCR4-mediated 

signaling in PC3 prostate cancer cells. 

Results from this study indicate that SOD1 interacts at a basal level with CXCR4 in 

PC3 cells in both normal and hypoxic conditions.  We hypothesized that the interaction 

would decrease in hypoxic conditions, because SOD1 would dissociate from CXCR4 to 

combat the accumulation of ROS within the cell.  Our hypothesis was partially correct.  We 

found that stimulation of CXCR4 caused an increase in the interaction between CXCR4 and 
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SOD1 in normoxic, but not in hypoxic conditions.  Additional results from this study support 

this finding, as SOD1-transfected cells exhibit increased ERK activation in normoxic, but not 

hypoxic conditions.  Also, SOD1-transfected cells were protected from etoposide-induced 

apoptosis following stimulation of CXCR4 by CXCL12 in normoxic, but not in hypoxic 

conditions.  

However, certain results in this study suggest that our initial hypothesis was too 

simple.  We determined through BRET experiments that there may be a shift in CXCR4-G

protein coupling in hypoxia, whereby CXCR4 couples to both G i q in normoxic 

q in hypoxic conditions.  This potential shift in 

i q 

signaling has been implicated in modulating cell migration, an aspect important for the 

metastatic transition (Ngai et al., 2009).  This indication allows us to mofiy our hypothesis 

slightly; the updated hypothesis can be found in Figure 5.1, below. 

SOD1 and CXCR4 have individually been targeted for the treatment of prostate 

cancer drug (ATN-224 and AMD3100, respectively).  However, neither of these targets are 

currently used clinically due to either potential adverse effects or to ineffectiveness.  We 

believe that the interaction that we discovered is thus representative of a novel potential drug 

target.  While further elucidation of the effects and potential outcomes of blocking the 

interaction of CXCR4 and SOD1 is necessary, we believe that this protein-protein interaction 

represents a potentially valuable and unique target for the treatment of not only prostate 

cancer, but potentially other cancer types that express both CXCR4 and SOD1.  
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Figure 5.1  Updated Hypothesis
Same image as seen in Figure 1.8, modified to encorporate new findings.  The schematic of 
our new hypothesis is in two parts, with the cartoon cell in normoxic conditions in Figure. 
5.1A and hypoxic conditions in Figure 5.1B.  A.  CXCL12 will bind to CXCR4 and initiate 
signaling.  We found that SOD1 interacts with CXCR4 at a basal level, and that this 
interaction increases following stimulation with CXCL12.  In normal conditions, CXCR4 

i q.  This results in a basal level of CXCR4 signaling.  Some effects 
mentioned in this figure are SOD1’s ability to protect the cell from apoptosis and reduce 
CXCL12-stimulated chemotaxis.  B.  In hypoxic conditions, CXCR4 and SOD1 interact at a 
basal level; however, there is no longer an increase in the interaction between these two 
molecules following CXCL12 stimulation.  We found that in hypoxic conditions, CXCR4 

q, which could help to explain the modulation of 
signaling that we see in hypoxia.  Some of the results we found are represented in this figure 

i coupling and a reduction in the SOD1-mediated protection from 
apoptosis.  
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