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ABSTRACT

Cancer develops in many organs and tissues in the body through genetic and
environmental modifications to acquire the hallmarks of cancer. The hallmarks of cancer
allow the cells to become malignant and progress to a tumorigenic state. It has
previously been shown in various carcinomas that HIF-2a, a key component in hypoxia
adaptation, has a role in autonomous growth, the first hallmark of cancer. Ovarian cancer
is the most lethal of the gynecological malignancies and accounts for 3% of new cases in
women annually but is the fifth most common cause of death due to cancer. Here, it is
shown in two ovarian carcinoma cell lines that HIF-2a is involved in in vitro and in vivo
growth. It is also shown that the effect of HIF-2a is due to its role in autonomous growth
and not vascularization with the use of in vitro spheroids. From recent findings in the
laboratory the oxygen-stimulated translation initiation complex was discovered and HIF-
2a is one of its components. In the absence of HIF-2a there is a downregulation in
translation in hypoxia in ovarian carcinoma. This is also seen in a HIF-2a translational
target, IGFIR and its downstream signaling pathway, which may be involved in
autonomous growth as well as other hallmarks of cancer. Taken together, the data in this
thesis presents the importance of HIF-2a in autonomous growth and cancer progression

in ovarian carcinoma, as well as verifying its role in translation.
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1 INTRODUCTION

1.1 The Biology of Cancer

1.1.1 Characteristics of Cancer

Cancer does not define one disease; it is made of more than 200 individual diseases
affecting various organs and tissues of the body. The various forms of cancers are named
based on the organ or tissue from which they originate (Cancer Care Ontario, 2009).
Many factors contribute to the incidence of cancer, including but not limited to, age, sex,
race, environment, diet, infection by viruses and genetics (Canadian Cancer Society,
2012). Current statistics indicate 40% of women and 45% of men in Canada will develop
cancer during their lifetime, resulting in a mortality rate in which approximately one out
of every four Canadians will die from cancer (Canadian Cancer Society, 2011). Cancer
arises from changes in the genome to become malignant as well as support from its tumor
microenvironment. These mutations can produce either an oncogene with a dominant
gain of function or a tumor suppressor with recessive loss of function (Hanahan and
Weinberg, 2000; Hanahan and Weinberg, 2011). The transformation from a normal cell
into a cancerous cell is a multistep process. A prominent feature of cancer is its ability to
rapidly produce abnormal cells that grow into tumors and are able to metastasize to other

areas of the body (Rous, 1910; The World Health Organization, 2010).



1.1.2 Hallmarks of Cancer

Cancer cells have defects in the regulatory systems that oversee cellular proliferation
and homeostasis (Gatenby and Gillies, 2008). Hanahan and Weinberg have outlined the
hallmarks of cancer that govern the alterations of normal cells to evolve progressively
into a neoplastic state (Figure 1). The acquisition of all the hallmarks is necessary to
allow cells to become malignant and form tumors. All types of human cancer share these
particular traits, since mammalian cells contain similar machinery for proliferation,
differentiation, and cell death. Therefore, regardless of the array of diversity seen among
cancers, they all acquire these hallmark capabilities to become malignant (Hanahan and
Weinberg, 2000; Hanahan and Weinberg, 2011). The acquisition of the hallmarks is
enabled by genomic instability and mutations, tumor-promoting inflammation as well as
the tumor microenvironment (Hanahan and Weinberg, 2011). These hallmarks breach
the anticancer defense system to allow chronic proliferation, resistance to cell death,
induction of angiogenesis, activation of invasion and metastasis, among others (Hanahan
and Weinberg, 2000; Hanahan and Weinberg, 2011). The hallmarks of cancer outline the
complexity of the disease with many cancer drug therapies targeted towards the
hallmarks since cancer cannot progress without the acquisition of each hallmark (Figure

1) (Hanahan and Weinberg, 2011).



Figure 1. The hallmarks of cancer. Hanahan and Weinberg suggest that cancer cells
acquire these 10 essential enabling traits and hallmarks to dictate malignant growth and
progression. Many target therapies of cancer are directed towards molecular targets

involved in enabling a particular hallmark (Hanahan and Weinberg, 2011).
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1.1.3 Autonomous Growth

The first hallmark of cancer is sustaining proliferative signaling or autonomous
growth, a fundamental trait of cancer cells allowing them to sustain proliferation
independently (Figure 1) (Hanahan and Weinberg, 2000; Hanahan and Weinberg, 2011).
For proliferation to occur growth signaling molecules are produced to instruct entry into
cell division in a controlled manner to maintain homeostasis. Normal cells acquire the
instructions for fundamental processes such as cell growth and division by paracrine
secretion of growth factors from neighboring cells (Rafferty, 1975). Paracrine signaling
is conveyed in large part by mesenchymal cells and the growth factors can then bind to
cell surface receptors on neighboring cells and enable a signaling cascade (Donjacour and
Cunha, 1991; Greil et al., 1989; James and Bradshaw, 1984). Cancer cells deregulate
growth factor signaling (Sporn and Roberts, 1985; Sporn and Todaro, 1980). Some cell
surface receptors contain an intracellular tyrosine kinase domain and its downstream
pathways regulate the progression through the cell cycle and other biological processes,
such as cell survival and energy metabolism (reviewed in Blume-Jensen and Hunter,
2001; Ullrich and Schlessinger, 1990). Autonomous growth can be achieved in multiple
ways by cancer cells. One method is to produce the growth factor itself that is able to
bind to its cognate receptor, resulting in autocrine proliferative stimulation triggering
downstream pathways that initiate proliferation (Sporn and Roberts, 1985; reviewed in
Blume-Jensen and Hunter, 2001; Hanahan and Weinberg, 2000; Hanahan and Weinberg,
2011; Witsch et al., 2010). Growth factor receptors containing an intracellular tyrosine
kinase domain are known as receptor tyrosine kinases (RTKs) and are overexpressed and

occasionally mutated in cancer cells (reviewed in Lemmon and Schlessinger, 2010).



1.2 Receptor Tyrosine Kinases

1.2.1 Structure and function of receptor tyrosine kinases (RTK5s)

RTKSs have important roles in the cell’s proliferation and progression to a neoplastic
state. They are a family of cell surface receptors discovered over 35 years ago consisting
of 58 RTKs that fall into 20 subfamilies (Sporn and Roberts, 1985). RTKs have key roles
in cellular processes such as proliferation, differentiation, cell survival, metabolism,
migration, and cell-cycle control (reviewed in Blume-Jensen and Hunter, 2001; Lemmon
and Schlessinger, 2010; Ullrich and Schlessinger, 1990). The receptors have similar
structure consisting of a ligand binding domain in the extracellular region of the cell, a
transmembrane helix, a cytoplasmic region that contains the tyrosine kinase domain, the
carboxyl C-terminal and juxtamembrane autoinhibitory region (Hanks et al., 1988;
Schlessinger, 1988; Williams, 1989; Yarden and Ullrich, 1988). RTK activation occurs
by the growth factor binding to the receptor resulting in dimerization of the receptors
(Schlessinger, 1988). Some RTKs are already dimerized or even form oligomers before
growth factor binding. Regardless if the receptors are already dimerized or not, growth
factor binding is still needed to activate the tyrosine kinases (Hammacher et al., 1989;
Schlessinger, 1988; Soos and Siddle, 1989). In the dimer/oligomer complex one of the
receptors is responsible for phosphorylating one or more tyrosines on the neighboring
RTK. The phosphorylated RTK then serves as the site for assembly and activation of its
downstream targets recruited by growth factor stimulation (Honegger et al., 1988a;
Honegger et al., 1988b). Some of the intracellular signaling pathways activated by RTKs

include extracellular signal-regulated kinases (ERK), phosphatidylinositol 3-kinase



(PI3K), and phospholipase C-y (PLC-y) as well as transcription factors such as signal
transducers and activators of transcription (STAT) proteins (reviewed in Witsch et al.,

2010).

1.2.2 Receptor tyrosine kinases in cancer

Mutations occurring in RTKs alter the activity, abundance, cellular distribution and
regulation in cancer cells enhancing their survival and growth. Deregulated RTK
activation in human cancer can occur by autocrine activation, chromosomal translocation,
RTK overexpression or gain-of-function mutations (reviewed in Lemmon and
Schlessinger, 2010). Cancer cells produce endogenous growth factors that act on its self
by the external receptors. Malignant cell growth can be fueled by autocrine secretion of
growth factors allowing them not to rely on paracrine secretion as normal cells do. This
leads to a constitutive activation of the receptors known as an autocrine proliferation
(Sporn and Roberts, 1985; Sporn and Todaro, 1980; reviewed in Blume-Jensen and
Hunter, 2001; Hanahan and Weinberg, 2000; Hanahan and Weinberg, 2011; Sporn and
Roberts, 1985). A common RTK family that is often altered in cancer is the ErbB family.
In fact mutations in ErbB RTKSs are present in >20% of solid tumors and in glioblastoma
35% have an overexpression in wild-type and mutated forms of the epidermal growth
factor receptor (EGFR), among others (Libermann et al., 1985; Wong et al., 1987;
reviewed in Lemmon and Schlessinger, 2010). In breast cancer 20-25% of patients have
an increase in ErbB-2/HER2 expression that is associated with poor prognosis (Atlas et

al., 2003). Amplification of insulin-like growth factor receptor-1 (IGFIR) is also seen in



breast cancer as well as melanoma leading to the generation of anti-apoptotic signals
(Almeida et al., 1994). In the cases where RTKs are overexpressed, it enables the cells to
become hyper-responsive to growth factors leading to autocrine activation of the
transformed cells (Di Foire et al., 1987; reviewed in Witsch et al., 2010). RTKs are
involved in the acquisition of growth autonomy as well as other hallmarks of cancer such
as invasive growth, angiogenesis, resistance to apoptosis and evading growth
suppression. For example, resistance to apoptosis is acquired by the activation of
PI3K/Akt pathway by IGFIR activation inducing potent anti-apoptotic signals (Datta et
al., 1997, Kulik et al., 1997; Shelton et al., 2004). The formation of new blood vessels is
also important for tumor growth which are formed by vascular endothelial growth factor
receptor (VEGFR) signaling (Lynden et al., 2001). These alterations affecting RTKs
play a key role in the cell’s transformation to a malignant cell with tumorigenic capability

(reviewed in Lemmon and Schlessinger, 2010).

1.2.3 Epidermal growth factor receptor (EGFR) in cancer

EGFR is overexpressed in many cancers and is a major focus of targeted therapy (Di
Foire et al., 1987; Libermann et al., 1985; Wong et al., 1987; reviewed in Han and Lo,
2012; Lemmon and Schlessinger, 2010 and Witsch et al., 2010). Once EGFR is
dimerized it can recruit and activate downstream signaling molecules. Some of its main
pathways include PLC-y protein kinase C (PKC), and PI3K-Akt-mTOR (mTOR-
mammalian target of rapamycin) (Figure 2) (reviwed in Han and Lo, 2012). Although

this receptor is overexpressed in many cancers, gene amplification is a rare event. Gene



Figure 2. EGFR kinase dependent and independent functions. Kinase dependent
function of EGFR/EGFRVIII recruits and phosphorylates downstream signaling
molecules affecting growth, differentiation, migration, and inhibition to apoptosis.
Kinase independent function of EGFR/EGFRVIII serves to sequester proapoptotic protein
p-53-upregulated modulator of apoptosis (PUMA) in the cytoplasm and stabilize sodium-
dependent glucose cotransporter-1 (SGLT1) for glucose uptake. Only EGFR and not a
mutant form is able to enter the nucleus and act as a transcriptional co-factor for

activation of genes involved in tumor proliferation (Han and Lo, 2012).
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amplification is found in glioblastoma allowing overexpression of not only the wild-type
receptor but also of a mutant, EGFRVIII, lacking a region of its extracellular domain
affecting its dimerization arm (Jeuken et al., 2009; Wong et al., 1987). The EGFRvVIII
mutant is constitutively active independent of ligand stimulation. Mutations are a rare
occurrence in EGFR. However, 10% of patients with non-small cell lung cancer are
responsive to treatment with EGFR inhibitor due to mutations in the tyrosine kinase
domain (Lynch et al., 2004; Sharma at al., 2007). EGFR also has roles independent of its
kinase activity affecting malignant tumor biology (Figure 2). EGFR as well as mutant
EGEFR that have lost its kinase capability are able to survive serum starvation induced cell
death (Weihua et al., 2008). It is able to achieve this through interaction with other
proteins such as p-53-upregulated modulator of apoptosis (PUMA), which is primarily
located in the mitochondria but sequestered by EGFR in the cytoplasm (Figure 2) (Zhu et
al., 2010). EGFR can be transported to the nucleus and mitochondria. Nuclear
expression of EGFR is found in normal tissue but also in different cancer types such as
breast, ovary, lungs, pancreas and glioma. EGFR transports from the cell surface to the
nucleus serving as transcription co-factor and upregulating genes such as cyclin DI and
c-Myc that are related to tumor proliferation (Jaganathan et al., 2011; Lin et al., 2001).
The role of EGFR translocation to the mitochondria is not well understood but
accumulation of mitochondrial EGFR leads to drug resistance to EGFR inhibitors in the
treatment of cancers (Han and Lo, 2012). EGFR’s presence in tumors is associated with
advanced stage tumors, reduced patient survival and resistance to standard therapy
(Arteaga, 2002). EGFR has multiple roles and functions aside from its role as a cell

surface receptor in a wide range of cancers making it a prominent target for treatment.



1.2.4 Receptor tyrosine kinases as therapeutic targets

RTKs that are overexpressed or containing mutations play key role in the development
and progression of cancer as well as many diseases and disorders. Monoclonal antibodies
and tyrosine kinase inhibitors have been developed and approved for the treatment of
cancers (Reichert and Valge-Archer, 2007; Shawver et al., 2002; reviewed in Lemmon
and Schlessinger, 2010). Treatment with tyrosine kinase inhibitors and monoclonal
antibodies often have a low to moderate effect on cancer but is enhanced when combined
with chemotherapy or radiotherapy (Baselga et al., 2006). Thus far a monoclonal
antibody to ErbB-2/HER2 (trastuzumab/Herceptin) has been used to treat breast cancer
while a monoclonal antibody to EGFR (cetuximab/Erbitux) as well as tyrosine kinase
inhibitors gefitinib (Iressa) and erlotinib (Tarceva) have been used to treat colorectal and
head and neck cancer in combination with chemotherapy (Aboud-Pirak et al., 1988; Citri
and Yarden, 2006; Reichert and Valge-Archer, 2007; Shawver et al., 2002). To inhibit
VEGFR an antibody to its ligand vascular endothelial growth factor (VEGF)
(bevacizumab/Avastin) has been manufactured allowing it to inhibit tumor angiogenesis
and is used in the treatment of colorectal, lung, and breast cancer (Cobleigh et al., 2003;
Johnson et al., 2004: Kabbinavar et al., 2003). Imatinib (Gleevec), a platelet derived
growth factor receptor (PDGFR) and KIT inhibitor has been used to treat gastrointestinal-
stromal tumors and mast cell leukemia (Shawver et al., 2002). An area of concern in
targeted therapy of RTKSs is resistance arising in patients treated with these options.
Resistance occurs through selective means where new variant of the RTKs arise or

overexpression of a different RTK occurs to compensate and continue growth (Engleman
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and Setleman, 2008; Sergina and Moasser, 2007). This compensatory mechanism of
resistance is seen in breast cancer patients treated with ErbB-2/HER2 antibody who
acquire IGFIR signaling to enable growth (Nahta et al., 2005; Sartore-Bianchi et al.,
2009). Targeted therapy towards RTKs has been beneficial in the treatment of certain

cancers but new therapy options are needed to avoid the issue of acquired resistance.

1.3 The VHL Tumor Suppressor Gene

1.3.1 Von Hippel-Lindau (VHL) Disease

Von Hippel-Lindau (VHL) disease is an autosomal dominantly inherited cancer
syndrome (Collins, 1894; Lindau, 1927; Von Hippel, 1904). Individuals with this disease
are germline heterozygotes, but tumor development occurs when the remaining wild type
VHL allele is mutated or lost, following the Knudson two-hit model (Figure 3) (Knudson,
1971; Mabher et al., 1990; Tory et al., 1989;). This cancer syndrome is characterized by
the increased risk of blood vessel tumors called hemangioblastoma occurring in the
central nervous system, retina, as well as in kidney, and adrenal glands. VHL disease
also causes renal and pancreatic carcinoma (Binkovitz et al., 1990; Mabher et al., 1990;
Maher and Kaelin, 1997; Tory et al., 1989). Cancer resulting from VHL somatic
mutations or allele loss does not only occur in the syndrome but also in the majority of
nonhereditary sporadic renal clear cell carcinoma (RCC) (Figure 3) (Maher et al., 1990,
Foster et al., 1994). The VHL gene is located on chromosome 3p25, where many
different mutations that cause this disease have been identified (Latif et al, 1993; Stebbins

et al., 1999). VHL-associated neoplasms are typically hypervascular with high levels of

11



Figure 3. Acquisition of cancer by VHL disease and sporadic VHL loss. VHL
disease is an inherited cancer syndrome. Individuals with this disease are germline
heterozygotes. The development of tumors occurs when the second VHL allele is lost,
coinciding with the Knudson two-hit model. VHL loss due to somatic mutations occurs

in the majority of nonhereditary sporadic cancers such as renal clear cell carcinoma

(RCO).
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hypoxia-induced messenger ribonucleic acids (mRNAs) under both hypoxic and
normoxic conditions such as VEGF and erythropoietin. VEGF and erythropoietin
increase the blood oxygen carrying capacity and delivery accounting for the
hypervasculature in VHL-associated cancers (Sato et al. 1994; Vaupel and Harrison,

2004; Wizigmann-Voos et al., 1995).

1.3.2 Function of VHL protein

The VHL gene encodes for a protein, pVHL that is 213 amino acids with a molecular
weight of 30 kDa (Duan et al., 1995; Iliopoulos et al., 1995; Latif et al. 1993). pVHL is a
tumor suppressor with a gatekeeper function, since restoring the protein in VHL -/-
(biallelic inactivation VHL mutations) RCC suppresses the ability of the cells to form
tumors in nude mice (Iliopoulos et al., 1995; Kinzler and Vogelsein, 1997; Pause et al.,
1998). pVHL forms a complex with elongin B, elongin C, Cullin-2 (Cul-2) and ring box
protein 1 (Rbx-1), known as the VBC/Cul-2 complex (Pause et al., 1997). At the C-
terminal o domain, pVHL is bound to elongin B and C, which inhibits transcription,
while pVHL recruits hypoxia inducible factor (HIF) a-subunits at the N-terminal 3
domain (Kibel et al., 1995; Ohh et al., 2000; Stebbins et al., 1999). Cul-2 is bound to the
elongin C and in turn Rbx-1 is bound to Cul-2 (Kamuna et al., 1999; Lonergan et al.,
1998). Mutations are commonly found in the o and B domain of pVHL compromising its
function (Stebbins et al., 1999). In the presence of oxygen, the VBC/Cul-2 complex
elicits an E3 ubiquitin ligase activity on HIFas that have been hydroxylated by prolyl

hydroxylases (PHDs) at conserved proline residues leading to proteasomal degradation
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(Bruick and McKnight, 2001; Cockman et al., 2000; Epstein et al., 2001; Iwai et al.,
1999; Ohh et al., 2000). In the VHL disease the cancers have a constitutive expression of
HIF-1a and HIF-2a since regulation of these proteins is lost, resulting in the activation of

its target mRNAs at normal oxygen conditions (Maxwell et al., 1999).

1.4 Hypoxia Inducible Factors

1.4.1 The role of Hypoxia Inducible Factors (HIFs) in oxygen homeostasis

Cells exposed to a hypoxic environment induce the activation of adaptive responses to
meet the demands of metabolic, bioenergetic and redox reactions (Maxwell et al., 2001;
reviewed in Majmundar et al., 2010). Hypoxic cells temporarily arrest in cell cycle,
reduce energy consumption, and secrete survival and proangiogenic factors. For cells to
adapt to acute and chronic hypoxia, the HIF family of transcription factors activate genes
involved in glucose uptake and metabolism, extracellular pH control, angiogenesis,
erythropoiesis, mitogenesis, and apoptosis (reviewed in Semenza, 1999). Aside from
their adaptive function, recent work on HIFs has revealed that they also have roles in

physiological and pathological responses (reviewed in Majmundar et al., 2010).

1.4.2 The HIF family of transcription factors

HIFs are basic Helix-Loop-Helix/Per-Arnt-Sim (bHLH/PAS) transcription factors and
in mammals there are three genes encoding HIFas and three genes encoding for HIFBs
(ARNT- Aryl hydrocarbon receptor nuclear translocator). HIF-1a and HIF-2a (EPASI1-

endothelial PAS protein 1) are most structurally similar and the  best
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characterized, while the role of HIF-3a (IPAS- Inhibitory PAS domain protein) is less
understood (Makino et al., 2001, Makino et al., 2002; Semenza, 2003; Tian et al., 1997,
Wang et al., 1995). It is known that HIF-3a exists as multiple splice variants, some of
which inhibit HIF-1a and HIF-2a activity (Makino et al., 2001; Makino et al., 2002).
HIF-1a and HIF-20 do have some overlapping target genes but their roles are not
redundant which is verified by knock out studies in mice. HIF-1a is ubiquitously
expressed and null mice die at embryonic day 11 with neural tube defects and
cardiovascular malformations (Iyer et al., 1998; Jain et al., 1998; Ryan et al., 1998). HIF-
2a is expressed in highly vascularized structures but also in distinct cell populations of
the brain, heart, lung, kidney, and liver (Jain et al., 1998; Wiesener et al., 2003). The
absence of HIF-2a in mice causes embryonic and perinatal lethality, as well as
developmental abnormalities and severe vascular defects (Peng et al., 2000; Tian et al.,

1998).

1.4.3 HIF mediated gene activation

HIFs form heterodimers consisting of an oxygen dependent o subunit and a
constitutively expressed nuclear B subunit (Hirose et al., 1996). In normoxia, PHDs
hydroxylate and target HIF-1o and HIF-2a for degradation at conserved proline residues
in the oxygen dependent degradation domain (ODDD) (Figure 4A and B) (Huang et al.,
1998; Pugh et al., 1997). Hydroxylated HIFa is recognized and marked for proteosomal
destruction by the VBC/Cul-2 complex (Cockman et al., 2000; Ohh et al., 2000). In

hypoxic stress, PHD activity is diminished from the lack of oxygen (Epstein et al., 2001).
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Figure 4. Structure of HIF proteins and regulation of the HIFa subunits. A. HIFa
proteins are hydroxylated at conserved proline residues in the oxygen dependent
degradation domain (ODDD). HIFa proteins heterodimerize with HIF-1f through the
bHLH/PAS domains and are able to bind with coactivators through the C-terminal
transactivation domain (C-TAD). B. In normal oxygen conditions HIFa is hydroxylated
by prolyl-hydroxylases (PHDs). The VBC/Cul-2 complex recognizes HIFas and marks
them for proteasomal degradation. In hypoxia, PHD activity is diminished and HIFa is

able to heterodimerize with HIF-1P and activate transcription of target genes.
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Stabilized HIFa proteins can heterodimerize with stable HIF-1p subunits present in the
nucleus through their bHLH/PAS domains and subsequently bind with coactivators
through their C-terminal transactivation domain (C-TAD) (Figure 4A and B) (Arany et
al., 1996; Maxwell et al., 2001). HIF heterodimers recognize and bind to the hypoxia
response elements (HREs) in the genome and induce transcription of target genes such as
the glucose transporter-1 (Glut-1), erythropoietin, and VEGF (Figure 4B) (Ebert et al.,

1995; Maxwell et al., 2001; Minchenko et al., 1994; Semenza and Wang et al., 1992).

1.4.4 Autonomous growth in VHL negative renal clear cell carcinoma

Autocrine proliferative stimulation is seen in RCC that lack the tumor suppressor
pVHL (de Paulsen et al., 2001). Bi-allelic inactivation of the VHL tumor suppressor
gene causes RCC cells to have a constitutive activation of HIF-1a and HIF-2a (Maxwell
et al.,, 1999). Cancer cells have the capability of engaging in autonomous growth, as
reflected by their ability to proliferate in serum-free conditions. VHL -/- RCC cells are
able to proliferate in the absence of exogenous growth factors and re-expression of VHL
restores HIFa regulation and growth suppression in cultured cells as well as tumor
suppression in xenografts (de Paulsen et al., 2001; Gunaratnam et al., 2003; Pause et al.,
1998; Smith et al., 2005). Studies with VHL-/- RCC cells suggested that HIF-2a, and not
HIF-1a, promotes tumor growth (Kondo et al., 2002; Maranchie et al. 2002; Raval et al.,
2005). With the constant presence of HIF-2a, expression of angiogenic factors such as
VEGF and mitogenic factors such as transforming growth factor-o (TGFa) are induced

(Smith et al., 2005). TGFa is a renal mitogen and its cognate receptor, EGFR, is also
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activated in RCC. In the absence of VHL to silence HIF-2a the TGF-o/EFGR pathway
is activated (de Paulsen et al., 2001; Gunaratnam et al., 2003; Smith et al., 2005). EGFR
activation provides permanent self-sufficiency in growth signaling which drives
autonomous growth leading to tumorigenesis of VHL-/-RCC cells (Figure 5) (Smith et

al., 2005).

1.5 HIF-20 in cancer

1.5.1 Tumor hypoxia

With solid tumors, the blood supply is often unable to sustain the demand for nutrients
and growth (Hanahan and Weinberg, 2000; Hanahan and Weinberg, 2011; Vaupel and
Harrison, 2004). Tumors tend to be acutely or chronically hypoxic with some areas
having a better supply of oxygen than others. This results in the accumulation of HIF-1a
and HIF-2a and activation of their targets allowing for adaptation to the environment
(Gatenby and Gilles, 2004; Hanahan and Weinberg, 2011, Maxwell, 2001). From tumor
hypoxia, HIF-1a and HIF-2a are suggested to be an underlying cause of the Warburg
Effect, as they activates genes involved in glucose uptake, metabolism and pH control.
The Warburg Effect results from the increase in anaerobic glycolysis, generating an
acidic tumor microenvironment (Warburg 1930; Warburg, 1956a; Warburg, 1956b;
reviewed in Hanahan and Weinberg, 2011). Growth advantages occur in certain cells
that have adapted to the hypoxic microenvironment and expand increasing hypoxia and
malignant progression (Vaupel and Harrison, 2004). Another important aspect of the

tumor microenvironment is the formation of the tumor-associated stroma. The tumor-
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Figure 5. Oncogenic pathway in RCC. VHL is a part of post-translation modification
inhibiting HIF-2a at the protein level. In the absence of VHL, HIF-2a is able to
transcriptionally activate TGF-a with Estl. HIF-2a is a part of the translation initiation
complex that activates EGFR translation with eukaryotic initiation factor 4E2 (elF4E2),
providing permanent self-sufficiency in growth signaling that drives autonomous growth

and leads to tumorigenesis of RCC.
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associated stroma is a heterogeneous population of cells undergoing various degrees of
differentiation, proliferation, vascularity, inflammation, and invasiveness, contributing to
the progression of tumors (Hanahan and Weinberg, 2011). HIFs have been shown to
cause tumor growth in nude mice through autonomous growth of the cells as well as non-
autonomous effects involving tumor-associated stromal cells engaging in metabolism and
angiogenesis (de Paulsen et al., 2001; Kondo et al., 2002). These hypoxic solid tumors
have an accumulation in HIF-la and HIF-2a, which is seen in an array of cancers
(Aebersold et al., 2002; Birner et al., 2000; Birner et al., 2001; Birner et al., 2001; Bos et
al., 2001; Maxwell et al., 1999; Osada et al., 2007; Schindl et al., 2002; Sivridis et al.,

2002; and Talks et al., 2000; reviewed in Bertout et al., 2008).

1.5.2 Tumorigenic capability of HIF-2a

HIF-1a and HIF-2a have been shown to have opposing effects regarding growth and
proliferation of cancer cells on c-Myc, p53 and mTOR pathways. HIF-1a tends to have
an inhibitory effect towards growth and even induces cell cycle arrest; while on the other
hand, HIF-2a promotes growth (An et al., 1998; Gardner et al., 2001; Gordan et al., 2007;
Hammond et al., 2002; Roberts et al., 2009; Zhang et al., 2007; reviewed in Keith et al.,
2011). In RCC, HIF-2a is able to promote cell growth through the TGFo/EGFR
pathway. It was discovered that HIF-2a seemed to be the subunit containing oncogenic
properties involved in in vitro proliferation and in vivo tumorigenesis of VHL-/- RCC
cells (Kondo et al., 2002; Raval et al. 2005). EGFR, a translational target of HIF-2aq, is

stimulated by renal mitogen TGFa, a transcriptional target of HIF-2a (Franovic et al.,

20



2007; Gunaratnam et al., 2003; Smith et al., 2005; Uniacke et al., 2012). Additional
cancers beside RCC have been shown to involve HIF-2a in autonomous growth or in
displaying an aggressive phenotype (Table 1). HIF-2a silencing in genetically diverse
human cancer cell lines such as glioblastoma (U87MG), colorectal (HCT116), and non-
small-cell lung carcinomas (A549), prevented in vitro growth and in vivo tumorigenesis
(Franovic et al., 2009). Similar results were seen in both breast and liver cancer, in which
HIF-2a silencing down regulated in vitro growth of the cells (Menrad et al., 2010; Stiehl
et al., 2011). These studies examined different mutational statuses and tissue origins of

cancer cell lines, all indicating HIF-2a is a regulator of autonomous growth (Franovic et

al., 2009; Menrad et al., 2010; Stiehl et al., 2011).

1.6 Oxygen-regulated protein synthesis

1.6.1 EGFRis a translational target of HIF-2a

HIF-2a activates the TGFa/EGFR pathway in VHL-/- RCC providing permanent self-
sufficient growth (Franovic et al., 2007; Gunaratnam et al., 2003; Smith et al., 2005).
Smith et al. identified that TGFa is a specific transcriptional target of HIF-2a promoting
growth through the TGFo/EGFR pathway and suppression of EGFR prevented
tumorigenesis (Smith et al., 2005). Interestingly, TGFa is also regulated independently
and in cooperation with HIF-2a by Ets-1. Ets-1 is a transcription factor that is induced in
hypoxia and an example of an oncogene. Ets-1 expression in cancer feeds into the
TGFa/EGFR autonomous growth pathway (Holterman et al., 2010). The regulation of

TGFa in cancer had been discovered but what about its cognate receptor EGFR?
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Table 1. Oncogenic presence HIF-20 in various cancers. In multiple cancer cell lines
HIF-2a has shown to be present and have an effect on in vitro growth (%) or/and in vivo
tumorigenesis (®). HIF-20 has also been associated with an aggressive phenotype and

poor prognosis in tumor samples(°), indicating its oncogenic capability.
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Oncogenic presence HIF-2a in various cancers

Cancer Type

Reference

Astrocytoma

Breast Cancer

Colorectal carcinoma
Glioblastoma

Lung cancer

Head and neck cancer
Hepatocellular carcinoma
Neuroblastoma
Non-small-cell lung cancer
Ovarian cancer

Renal clear cell carcinoma

Khutua et al., 2003. ¢
Stiehl et al., 2011. ¢

Franovic et al., 2009. *°

Koujourakis et al., 2002. ©
Menrad et al., 2010. *°

Holmquist-Mengelbie et al., 2006. *°¢

Giatromanolaki et al., 2001. °
Osada et al., 2007. °

Kondo et al, 2002. *°

Raval et al., 2005. *°

. : b ; "
* In vitro studies, ° In vivo studies, © Tumor samples




Franovic et al. discovered that elevated EGFR protein levels were present in a
hypoxic/HIF-2a-dependent manner but mRNA levels did not change. This study
explained the overexpression of EGFR seen in many cancers where no mutation is
detected (Franovic et al., 2007). The next question of interest was by which mechanism
is resulting in EGFR protein accumulation in hypoxia? From here the discovery of the

oxygen-regulated translation initiation complex was made.

1.6.2 Inhibition of cap-mediated translation

Translation of mRNA into a protein is the final stage of gene expression producing the
building blocks of life. During normal oxygen conditions, translation of mRNA into
proteins begins with eukaryotic translation initiation factor (elF) 4E binding to the 7-
methylguanosine (m’-GTP) 5” cap of mRNAs forming a complex with eIF4A and eIF4G
known as elF4F (Edery et al., 1983; Lamphear et al., 1995; Pestova et al., 1996;
Sonenberg et al., 1978; reviewed in Gebauer and Hentze, 2004; and Sonenberg and
Hinnebusch, 2009). Once elF4F is assembled at the cap it recruits the preassembled 43S
PIC (elFs 1, 1A, 2, 3 and 5; the Met-tRNA (transfer RNA); and 40S small ribosomal
subunit) (Pestova et al.,, 1996). In certain stresses, such as hypoxia, translation is
downregulated due to the inhibition of e[F4E. The interaction between elF4E and elF4G
is inhibited due to eIF4E-binding proteins (4E-BP) sequestering eIF4E, therefore
inhibiting cap-dependent translation (Gingras et al., 1995; Lin et al., 1994; Marcotrigiano
et al., 1999; Pause et al., 1994). The kinase, mTOR senses the cell’s extracellular

environment for amino acid, oxygen and energy availability and phosphorylates 4E-BP
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accordingly. In hypoxia, 4E-BP is hypophosphorylated and able to bind elF4E and
inhibit cap-mediated translation. When 4E-BP is hyperphosphorylated by mTOR it
releases eIF4E allowing for translation initiation to occur (Khaleghpour et al., 1999;
reviewed in Gebauer and Hentze, 2004; Sonenberg and Hinnebusch, 2009). In
circumstances when cap-mediated translation is inhibited, an alterative method is internal
ribosome entry site (IRES)-mediated translation. Some mRNAs contain an IRES and are
able to recruit the 40S with the aid of fewer elFs (Pestova et al., 2008; Terenin et al.,
2008). This mechanism seems to have a minor role in the case of hypoxia (Holcik and

Sonenberg, 2005; Young, et al., 2008).

1.6.3 Hypoxia induced translation initiation complex

During cellular starvation and stress, cap-mediated translation is inhibited. In some
circumstances such as apoptosis certain mRNAs contain an IRES and translation can
occur. In hypoxia, protein synthesis is inhibited for the conservation of energy but
mRNAs need to be translated to allow for adaptation to the environment. IRES is a cap-
independent method of translation, but it does not seem to be the mechanism used for
translation in hypoxia (Young, et al., 2008). In a study by Young et al., hypoxia
regulated mRNA containing an IRES such as VEGF and HIF-1a were tested to determine
if they used this cap-independent method of translation. Cells were oxygen starved and
transfected with synthesized mRNAs and IRES-mediated translation accounted for <1%
of translation (Young, et al., 2008). In addition to activating transcription of target genes,

HIF-2a also has a role in translation of mRNA into proteins (Uniacke et al., 2012). This
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was discovered by the investigation into EGFR overexpression in cancer. It was found
that HIF-2a activation increases protein levels of EGFR enhancing its expression and
involvement in signaling pathways (Franovic et al.,, 2007). Cells were treated with
transcription inhibitors and an accumulation of EGFR was found in hypoxia in a HIF-2a-
dependent manner in glioblastoma and primary cultures of renal epithelial cells.
Silencing of HIF-2a prevented de novo synthesis of EGFR while the silencing of HIF-1a
and HIF-1B had no effect. The silencing of HIF-2a also caused a considerable decrease

on global translation while HIF-1a did not (Uniacke et al., 2012).

From this recent work, an oxygen-regulated translation initiation complex that
mediates selective cap-dependent protein synthesis in the absence of elF4E was
discovered. This complex includes HIF-2a, RNA binding protein RBM4, RNA helicase
elF4A, and a cap-binding protein elF4E2, which is an eIF4E homolog (Uniacke et al.,
2012). elF4E2 is a cap binding protein like eIF4E but has a weaker affinity for the cap
than elF4E (Zuberek et at., 2007). When eIF4E is sequestered by 4E-BP, eIF4E2 has the
opportunity to initiate translation. A consensus RNA hypoxia response element (rHRE)
recruits the complex to a number of mRNAs. Once the complex is assembled at the
rHRE, it captures the m’-GTP cap and directs the mRNAs to polysomes for translation
(Figure 6). Over 4000 targets were identified to contain and rHRE that could potentially
use this complex in translation initation in hypoxic conditions. Some of the target
mRNAs include other RTKs besides EGFR such as IGF1IR and PDGFRa, which have

roles in autonomous growth and the progression of cancer (Uniacke et al., 2012).
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Figure 6. Hypoxia stimulated translation initiation complex. In normal oxygen
condition, eukaryotic translation initiation factor 4E (eIF4E) binds to the m’-GTP 5’ cap
of mRNAs. Hypoxia causes elF4E sequestration and stimulates the formation of a
complex consisting of HIF-2a, the RNA binding protein RBM4, a RNA helicase elF4A,
and a cap-binding protein eIF4E2 (an elF4E homolog). This complex is recruited to the
RNA hypoxia response element (tHRE) of mRNAs and targets them to the polysome for

translation (Uniacke et al., 2012).
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1.6.4 HIF-2a as a therapeutic target

With the recent finding of HIF-2a’s involvement in hypoxic cap-mediated translation
it makes it an excellent target for cancer therapy. Tumors have a variance of hypoxia due
to improper vascularization leading to the stabilization of HIF-1a and HIF-2a allowing
the cells to adapt to these conditions (Hanahan and Weinberg, 2011; Vaupel and
Harrison, 2004). Cancer cells seem to utilize the HIF-2a-RBM4-eIF4E2 complex to
activate translation of a proteome vital for its presence and persistence. This hypoxic
translation initiation complex was discovered by taking an in depth look at the
overexpression of EGFR, a common theme in a variety cancers (Di Foire et al., 1987;
Libermann et al., 1985; Wong et al., 1987; reviewed in Han and Lo, 2012; Lemmon and
Schlessinger, 2010; and Witsch et al., 2010). EGFR is a target mRNA of this complex as
well as the RTKs, PDGFRa and IGF1R, which have roles in the adaptive response to
hypoxia and the proliferation of cancerous cells (Bos et al., 2005; Franovic et al., 2007;
Nishi et al., 2002; Singleton et al., 1996). By targeting the interaction between HIF-2a
and eIF4E2 in cancer therapy it will hopefully inhibit translation in hypoxic cells without

affecting elF4E translation, therefore only targeting the cancer cells.

1.7 Ovarian Cancer

1.7.1 Ovarian Carcinoma

Ovarian cancer accounts for 3% of new cases of cancer in women annually and is the
most lethal of all gynecological cancers (American Cancer Society, 2012). In women, it

is the fifth most common cause of death due to cancer, after lung, breast, colorectal
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and pancreatic cancers (American Cancer Society, 2012). Ovarian cancer forms from
three tissues; 85-95% from epithelial cells, 5-8% from stromal cells, and 3-5% from germ
cells. Epithelial ovarian cancer (EOC) or ovarian carcinoma is the most lethal and the
most common form of ovarian cancer (Young et al., 1994). Ovarian cancer can arise
from malignant transformation of ovarian surface epithelium as well as from the fallopian
tubes, deposits of endometriosis or from the surface of the peritoneal cavity since they are
histologically similar (Bettochi et al., 1982; Hovadhanakul et al., 1976; Lamping and
Blythe. 1977; Takashina et al., 1988; Yanai-Inbar et al 1995). Ovarian carcinoma has
five histological subtypes consisting of serous, mucinous, clear cell, endometrioid, and
transitional cell/Brenner tumors, with serous ovarian carcinoma being the most common.
Tumors that do not fall under these histological subtypes are known as undifferentiated

surface epithelial adenocarcinomas (Shaw et al., 2004).

1.7.2 Risk factors of ovarian cancer

A key risk factor of ovarian cancer is a strong family history in either ovarian or breast
cancer and hereditary BRCAl and BRCA2 germline mutations which are only
identifiable in approximately 10-15% of patients. Repair of genomic damage diminishes
in women with defective BRCA1 and BRCA2 function, leading to increased risk of the
disease (Chen et al., 2006; Risch et al., 2006). Genomic mutations do have a key role in
the development of many cancers. In ovarian carcinoma somatic mutations are present in
PT53 (60-80%), PTEN (3-8%), KRAS (>20%), as well as PI3KCA, and AKT (Campbell et

al., 2004; Carpten et al., 2007; Hennessy and Mills, 2006; Shaw et al., 1999). Additional
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risk factors include not bearing children, early menarche, late menopause and increasing
age. Factors that reduce the risk of ovarian carcinoma are oral contraceptive use,
pregnancy, lactation, and tubal ligation (Collaborative Group on Epidemiologocal Studies
of Ovarian Cancer, 2008; Hankinston et al., 1993). Ovarian cancer spreads locally to the
opposite ovary, the uterus, and then finally throughout the peritoneal cavity. Distant
metastases are rare but they can reach the liver, lungs, pleura, adrenal glands, and spleen
(Young et al., 1994). Tumor stage is the most important prognostic parameter. Over
70% of all cases are diagnosed at advanced stages III or IV with poor prognosis
according to the International Federation of Gynecology and Obstetrics (FIGO) (Table 2)
(Pecorelli et al., 1999). Long-term survival in patients with stage I or II of the disease is
60-90%, while patients with advanced stage III or IV have a much lower long-
termsurvival of 10% or less (McGuire et al., 1996; Pecorelli et al., 1999; Young et al.,

1990).

1.7.3 Symptoms, diagnosis, and treatment

Diagnosis of ovarian cancer is difficult because of the nonspecific symptoms. While
there is no single cause of ovarian cancer, personal or family history of cancer may place
a woman at risk (Canadian Cancer Society, 2012). Some of the symptoms include:
stomach discomfort or pain, swelling or bloating, back pain, lump in the abdomen,
abnormal vaginal bleeding, constipation, diarrhea and nausea (Health Canada, 2010).

These symptoms can also be caused by other health conditions and often lead to
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Table 2. The International Federation of Gynecology and Obstetrics (FIGO) stages
of ovarian cancer. Stages of ovarian cancer associated with the location and spread of
the disease. Survival rate is indicated at each stage, which decreases greatly with the
spread of the cancer. Prognosis is strongly associated with the stage at diagnosis as well

as the histologic grade (Pecorelli et al., 1999; Roett and Evans, 2009).
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Stage*  Spread Five-year survival rate

I Limited to ovaries 90 percent

Il Pelvic extension 60 to 80 percent

Il Peritoneal implants and/or retroperitoneal 20 percent
or inguinal lymph nodes

v Distant metastases Less than 10 percent

*—Stage classification also includes more specific delineations (e.qg., stages IA to IC).
Tumor-node-metastasis staging by the American Joint Committee on Cancer is also
applicable.



abdominal imaging rather than pelvic imaging and cancer antigen (CA) 125 testing,
which allows the cancer to remain undetected (Canadian Cancer Society, 2012; Smith,
L.H. et al., 2005). Serum CAI25 concentration does not have the sensitivity or
specificity to function alone in screening. A combination of CA125 measurement and
transvaginal ultrasonography (TVS) is used. If ovarian carcinoma is suspected on the
basis of physical examination, CA125 screening and TVS imaging is done. If ovarian
carcinoma is detected, exploratory laparotomy is conducted to determine the histological
grade, which allows for tumor removal (Cannistra, 2004; Cheng et al., 2004). Standard
therapy involves surgery along with platinum and taxane based adjuvant chemotherapy to
prevent recurrence and improve survival (Bell et al., 2006; McGuire et al, 1996; Piccart
et al, 2000; Ozols et al., 2003; Vasey et al., 2004; reviewed in Reibenwein and Krainer,
2008). Tumor stage, age, general health and post-operative residual tumor are all
significant parameters in the survival and prognosis of patients (Burges and Schmalfeldt,
2011). Patients with stage I or II ovarian cancer will have improved survival if 3-6 cycles
of cisplatin or carboplatin-based adjuvant therapy is prescribed after surgical staging
(Advanced Ovarian Cancer Trialists Group, 1998; Bell et al., 2004; Elit et al., 2004;
Trimbo et al., 2003; reviewed in Burges and Schmalfeldt, 2011; Hennessy et al., 2009;
Reibenwein and Krainer, 2008). 20-40% of these patients do not respond to the initial
platinum-based chemotherapy and those that have advanced stages are at high risk of
disease recurrence (reviewed in Hennessy et al., 2009). Therefore, a new treatment

option is needed for ovarian cancer patients.
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1.7.4 RTKSs expression and therapy in ovarian cancer

Standard therapy for ovarian cancer is surgery to remove the tumor but relapse is high
in patients without optimal surgery and most develop resistance to current therapy
(Younge et al., 1990). Platinum based adjuvant chemotherapy is considered to be the
best strategy to prevent its recurrence and improve survival (Trimbos, et al., 2003).
Currently, efforts are being made to optimize adjuvant chemotherapy to improve patient
outcome with early and late stages of ovarian cancer, relapse and resistance to current
therapy. Targeting the signaling pathways involving RTKs is a potential target since
they have been identified to play a role in ovarian cancer carcinogenesis and many
therapies have already been approved for use in various cancers (reviewed in Reibenwein
and Krainer, 2008). Overexpression of RTKs such as ErbB-2/HER2 (25-30%), EGFR
(55-98%), and KIT (12-26%) in ovarian cancer have led to Phase II clinical trials of
monoclonal antibodies and tyrosine kinase inhibitors already in use for treatment of other
cancers (Schmandt et al., 2003; See et al., 2003; Serrano-Olvera et al., 2006; reviewed in
Reibenwein and Krainer, 2008). Clinical trials were done on patients who were resistant
to standard therapy or have stage III or IV of the disease. Treatment with a monoclonal
antibody or tyrosine kinase inhibitor resulted in a minimal percent of patients achieving
remission (Schmandt et al., 2003; See et al., 2003; Serrano-Olvera et al., 2006; reviewed
in Reibenwein and Krainer, 2008). An important note of targeting RTKs in ovarian
cancer as in others cancers is first determining if it is overexpressed. Ovarian cancer
seems to vary case by case in which RTKs are overexpressed, therefore each patient has

to be assessed and a treatment plan made accordingly.
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1.7.5 HIFs in ovarian cancer

In ovarian carcinoma, HIF-la and HIF-2a have been shown to be present in human
tumor samples due to tumor hypoxia (Osada et al., 2007; Talks et al., 2000). In a paper
by Osada et al., HIF-1a and HIF-2a as well as VHL were examined in ovarian carcinoma
tumors. HIF-1a staining was observed mostly in the cytoplasm, but with sporadic
nuclear staining. No significant difference was seen in cytoplasmic staining in benign,
borderline and malignant tumors. A greater percent of cells containing HIF-1a nuclear
staining (33%) was seen in malignant tumors and was higher in stages III and IV than in
stages I and II. HIF-2a staining (75%) was mainly cytoplasmic with infrequent nuclear
expression. Benign tumors were negative of HIF-2a cytoplasmic staining with the
majority of HIF-2a present in malignant tumors, especially those in stages III and IV
(Osada et al.,, 2007). Recent work has shown that HIF-2a is a component of the
translation initiation complex in hypoxia, which may explain its presence in the
cytoplasm (Uniacke et al., 2012).  Nuclear staining was seen in malignant tumors
regardless of their stage. In patients where HIF-2a positive borderline tumor samples
were taken, poorer survival rates were seen, while HIF-1a expression was determined to
be an independent prognosistic factor (Osada et al., 2007). HIF-1la when silenced in
ovarian carcinoma cell line indicated an increase in proliferation in vitro and xenografts
were equivalent in volume to control cells. This indicates that HIF-1a is not responsible
for the autonomous growth and tumorigenesis seen in ovarian carcinoma (Favaro et al.,
2008). VHL expression was cytoplasmic and reduced expression was seen in ovarian

carcinoma in comparison to benign or borderline tumors. Loss of heterozygosity was
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also detected, although no association was observed in correlation with HIFo expression.
This demonstrates that HIF-1a and HIF-2a have distinct roles in ovarian carcinoma and

that a greater look into HIF-2a’s role may be valuable (Osada et al., 2007).

1.8 Rationale

HIF-2a is upregulated in ovarian carcinomas compared to adjacent tissue and benign
tumor samples, as well as RTKSs, which adversely affects the outcome of patients (Osada
et al., 2007; Schmandt et al., 2003; See et al., 2003; Serrano-Olvera et al., 2006; Talks et
al. 2000; reviewed in Reibenwein and Krainer, 2008). It has been shown in genetically
diverse human cancer cell lines that HIF-2a silencing decreased in vitro growth and
tumorigenesis (Franovic et al., 2009). Carcinomas develop from tissues of similar
embryonic origins that have a number of different functions. Epithelial cells use a
universal mechanism to exit the quiescent state by the regulated production of exogenous
growth factors activating RTKs (Coller et al., 2006). Cancer cells have a continual
activation of RTK pathways since they have acquired the capability to produce
endogenous growth factors and their cognate receptors resulting in proliferation, which is
seen in various epithelial cancers (Blume-Jensen and Hunter, 2001; Hanahan and
Weinberg, 2000; Hanahan and Weinberg, 2011; Sporn and Roberts, 1985; Witsch et al.,
2010). The cause of ovarian cancer remains unknown and based on its epithelial origin
and the presence of HIF-2a in this cancer, HIF-2a may be responsible for its autonomous
growth leading to tumorigenesis (Figure 7) (Osada et al., 2007; Talks et al., 2000). HIF-

20 plays an important role in translation in hypoxia and some of its target mRNAs
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Figure 7. Hypothesized model of autonomous growth in ovarian carcinoma. HIF-2a
is active in ovarian carcinoma due to tumor hypoxia. We propose that HIF-2a, a
component of the oxygen-regulated translation initiation complex, activates
transcriptional and translational targets leading to autonomous growth and tumorigenesis

of ovarian carcinoma.
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include RTKs, which are upregulated in ovarian carcinoma and bestow growth autonomy
(Schmandt et al., 2003; See et al., 2003; Serrano-Olvera et al., 2006; Uniacke et al., 2012;
reviewed in Reibenwein and Krainer, 2008). Further examination of HIF-2a in ovarian

carcinoma may prove HIF-2a should be investigated as a therapeutic target.

1.9 Statement of hypothesis and objectives

In ovarian carcinoma, we hypothesize that HIF-2a is a regulator of autonomous growth

and tumorigenesis. We propose to test this hypothesis with the following objectives:

Objective #1. Determine the presence of HIF-2a in OVCA429 and SKOV3 ovarian
carcinoma cell lines and screen shHIF-2a clones from both cell lines for HIF-2a
silencing.

The presence of HIF-2a will be determined in OVCA429 and SKOV3 cell lines and

shHIF-2a (short hairpin RNA) clones will be screened for HIF-2a silencing.

Objective #2. Determine the effect of HIF-2a silencing on autonomous growth of
ovarian carcinoma.

By culturing the shHIF-2a clones in serum-free medium supplemented with insulin-
transferrin-selenium (ITS), the ability of cells to proliferate autonomously can be

determined by 5-bromo-2'-deoxyuridine (BrdU) incorporation.
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Objective #3. Identify the effect of HIF-2a on total translation and RTKSs that may
be involved in autonomous growth of ovarian carcinoma.
Using [S**]-methionine ([S*°]-Met) incorporation, global translation can be monitored

and RTKs will be screened to see if they are affected by HIF-2a silencing.

Objective #4. Determine HIF-2a silencing effects on the growth of in vitro avascular
spheroids.

HIF-2a induces transcriptional and translational activation of an array of genes and
mRNAs allowing the cells to adapt to the hypoxic environment. To determine if the
effects seen in silencing HIF-2a are due to impairments in autonomous growth and not to

angiogenesis, experiments with avascular spheroids will be performed.

Objective #5. Perform a xenograft assay with shHIF-2a clones to determine the
effect of HIF-2a on tumorigenesis in ovarian carcinoma.
In nude mice, shHIF-2a cells will be injected along with parental or control cells to

establish that HIF-2a is necessary for ovarian carcinoma tumorigenesis.
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2 MATERIALS AND METHOD

2.1 Cell lines and Culture

The two cell lines, OVCA429 and SKOV3 were obtained from the American Type
Culture Collection (ATCC; Rockville, MD). OVCA429 cells were maintained in
Minimum Essential Medium (MEM) Alpha Modification Medium (HyClone/Thermo
Fisher Scientific Inc., Logan, UT) supplemented with 0.1% MEM nonessential amino
acids (NEAA) (Invitrogen, Burlington, ON). SKOV3 cells were maintained in McCoy’s
5A Modified Medium (HyClone/Thermo Fisher Scientific Inc., Logan, UT) and both
mediums were supplemented with 7.5% fetal bovine serum (FBS) (HyClone/Thermo
Fisher Scientific Inc., Logan, UT), 100 U/mL penicillin and 100 pg/mL streptomycin
(HyClone/Thermo Fisher Scientific Inc., Logan, UT). In normoxia cells were kept at
37°C in 21% O; and 5% CO, environment. Cells incubated in the hypoxia chamber were
at 37°C in 1% O3, 5% CO; and N»-balanced atmosphere for the indicated time periods.
In cases where serum free medium was used, medium was supplemented with 1% (v/v)

ITS (Invitrogen, Burlington, ON).

2.2 RNA interference

OVCA429 was transfected with two different shRNA targeting HIF-2ao mRNA with
the following sequences (5°-3’): HIF2A (GACAAGGUCUGCAAAGGGUUU) and
(CAGGAUGUAAUUGAACGAUUU) (Franovic et al., 2009). Two complimentary

single stranded DNA (deoxyribonucleic acid) oligonucleotides were designed with
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overhangs encoding BamHI/HindIll restriction enzyme sites and were annealed by an
incubation in 1x DNA annealing solution for 3 min at 90°C followed by 1 hour at 50°C
(Ambion). The annealed inserts were ligated into pSilencer 3.1-H1 neo vector (Ambion).
A pSilencer 3.1-HI1 neo vector encoding scrambled shRNA served as the control. Cells
containing HIF2a silencing were then selected for and maintained using neomycin
(G418). For transfections Effectene transfection reagent (Qiagen, Valencia, CA) was
used to generate the stable cell line. The cells were plated in a 10 cm plate so the
following day they would be 70% confluent. The cells were rinsed and supplemented
with fresh media and transfected with 2 pg of the plasmid DNA. The following day the
plate was split into two 15 cm plates and incubated in G418 containing medium. Within
a few days colonies forming from a single cell began to grow. These colonies where
transferred to a 24-well plate and when confluent expanded to larger plates remaining in
the G418 medium. Immunoblot analysis was then used to determine HIF-2a silencing in

the clones.

2.3 Lentiviruses

SKOV3 was transfected with two different shHIF-2a sequences as well using
lentiviral infection and were selected for with puromycin to achieve cell populations with
a knock down in HIF-2a. Lentiviral vectors expressing human HIF-2a shRNAs (3804
and 3805) were purchased from Sigma-Aldrich (Oakville, ON). Scrambled shRNA
vector was obtained from Addgene Inc. (Cambridge, MA). Viruses were produced by

transfection of HEK 293T with shRNA, pLPl, pLP2, and pLP/VSV-G plasmids
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(Invitrogen, Burlington, ON). Virus particles were collected by spinning 72 h post-
transfection and stored at -80°C. SKOV3 cells were infected with supernatant from
transfected HEK 293T and 4ng/ml Polybrene (Sigma, Oakville, ON) 24H after plating.
Medium was replaced the following day with medium containing puromycin. With the
infected cells monoclonal colonies were made in the same fashion as described in section
2.2. Briefly, the 10 cm plate was split into two 15 cm plates allowing for colonies to
form from a single cell. These colonies were moved to a 24-well plate and expanded to a
10 cm plate. To determine silencing of HIF-2a had occurred immunoblot analysis was

done to screen the clones.

2.4 Immunoblot Analysis

For immunoblot analysis cells were harvested using two different lysis buffers. For
HIF-1a and HIF-2a, cells were harvested and lysed in 4% sodium dodecyl sulfate (SDS)
in phosphate buffered saline solution (PSB) and denatured for 5 min at 95°C. For RTKs
and phosphoproteins analysis, cells were lysed for 1 hour at 4°C in 1 mM Tris-HCI pH
7.4, 1% Triton X-100, 0.2% SDS, 0.5% sodium deoxycholate, 150 mM NaCl, 1| mM
MgCl,, 1 mM EGTA, 0.2 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl
fluoride (PMSF), 1 pg/ml leupeptin and 1 pg/ml aprotinin. Lysates were then centrifuged
(12 000 x g for 10 min at 4°C) and the supernatants were collected. Protein
concentrations were quantified using a BCA protein assay kit (Pierce, Rockford, IL). 40-
50 pg of protein was used for HIF-1a and HIF-2a, while 10-20 pg of protein was used for

RTKs and phosphoproteins immunoblot analysis.
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For immunoblotting, equal amounts of proteins were separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene
difluoride (PVDF) membranes (Bio-Rad, Mississauga, ON). Membranes were stained
with Ponceau S to ensure the transfer and equal loading of proteins had occurred.
Membranes were washed in PBS with 0.1% Tween-20 and then blocked for 1 hour at
room temperature in PBS with 0.1% Tween-20 containing 5% skim milk powder before
being place in the primary antibody for overnight incubation at 4°C. All immunoblots
were repeated three time (n=3) and immunoblots shown are representive of all three
trials. Monoclonal antibodies were used to detect EGFR (Labvision, Fremont, CA) Met
(Cell Signaling, Beverly, MA), and HIF-la (Novus, Littleton, CO). Polyclonal
antibodies used to detect HIF-2a (Novus, Littleton, CO); IGFIR, PDGFRa, Akt,
Phospho-Akt (S473), Phospho-ERK (T20/Y204) (Cell Signaling, Beverly, MA), ERK1/2

(Promega, Madison, WI) and Actin (Sigma, Oakville, ON).

2.5 Real-Time PCR Analysis

RNA extraction was achieved using TriPure Isolation Reagent (Roche, Indianapolis,
IN). Reverse transcription (RT) was performed using the High-Capacity cDNA Reverse
Transcription kit (Applied Biosystems, Carlsbad, CA) using random hexamer primers.
RT samples were then used to measure HIF-1a and HIF-2a mRNA by real-time PCR
with IQ SYBR Green Supermix (Bio-Rad, Mississauga, ON) and data was recorded and
analyzed using MX3000P thermocycler (Stratagene, Cedar Creek, TX). The cycling

conditions used were 95°C (5 min); 35 cycles of 94°C (30 sec), 60°C (30 sec) and 72°C
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(30 sec); and 95°C (1 min), 55°C (30 sec) and 95°C (30 sec). The relative abundance of
target mRNA was calculated using the delta-delta CT method with all samples
normalized to housekeeping gene 3684 mRNA and relative to parental cells in normoxia
(Gevry et al., 2009; Livak and Schmittgen, 2001). For both cell lines RT-PCR was
performed three times and for each RT-PCR product real-time PCR was done (n=3).
Error bars represent the standard error of mean (SEM) and Student t-test was used to
determine if the silencing was significant compared to control samples. The primers used
were  HIF-la: forward 5-CAGCCGCTGGAGACACAATC-3’, reverse 5’-
GAAAGTTCCAGTGACTCTGG -3’ HIF-2a: forward 5’-
GTCTGCAAAGGGTTTTGGGG -3’, reverse 5’- TGTGAGGTGCTGCCACCAG -3°,
and housekeeping gene 36B4: forward 5’- CGACCTGGAAGTCCAACTAC -3’, reverse

5’- ATCTGCTGCATCTGCTTG.

2.6 Autonomous Growth Assay

Cell proliferation assay was performed as previously described (de Paulsen et al.,
2001). Briefly, cells were plated in FBS-containing medium so adhesion could occur.
Medium was then change to serum free conditions supplemented with ITS and incubated
for 48 hour in normoxia or hypoxia. After 48 hours, BrdU label (1:1000) was then added
to the medium for a 2 hour incubation so incorporation could occur. The cells were kept
at the same condition for the 2 hour BrdU labeling period as they were in for the 48 hour
incubation.  Cells were then rinsed with PBS, fixed, and stained by indirect

immunofluoresence using the BrdU Labeling and Detection kit I (Roche, Indianapolis,
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IN) and nuclei were stained using Hoechst (Hoechst 33342 1:2000: Invitrogen,
Burlington, ON). Cells were mounted onto slides using Fluoromount G (Electron
Microscopy Sciences, Hatfield, PA). The ratio of BrdU-labeled to Hoechst-stained cells
was determined by counting five representative fields acquired by fluorescence
microscopy (Zeiss Axiovert SI00TV microscope, Thornwood, NY) and ImageJ software.
The autonomous growth was repeated three times (n=3) in normoxia and two times (n=2)
in hypoxia for OVCA429 and SKOV3. Error bars represent the SEM and Student t-test

was used to calculate significant difference.

2.7 Protein synthesis by [**S]-Met incorporation

For [*°S]-Met (methionine labeled with radioactive sulfur-35) incorporation, 500 000
cells were grown in 10 cm plates for 24 hours in normoxia and then an additional 24
hours in normoxia or hypoxia. An hour prior to the 48 hour end point, media was
changed to glutamine-, methionine- and cysteine-free Dulbecco Modified Eagle Medium
(DMEM) fro 30 min. [*>S]-Met [33 pCi/mL] was then added to the cells for 30 min and
lysed in 1 mL of modified radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-
HCI, 1% Igepal, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1
mM Na3;VO,4 and | mM NaF, 1 pg/mL aprotinin, leupeptin and pepstatin) for 1 hour at 4
°C. Samples were run on a 6% SDS-PAGE gel, dried at 80 °C for 90 min and exposed to
X-ray film (Kodack BioMax MS Film) overnight at -80 °C. [*S]-Met labeling was
performed once (n=1). [*°S]-Met incorporation for global translation was determined by

subtracting background pixel intensity from the band pixel intensity using Adobe
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Photoshop CS5.1 software and is represented as a percentage.

2.8 In vitro Tumor Spheroids

Spheroid formation was achieved by the liquid overlay technique and has been
previously described (Kunz-Schughart et al., 1998; Lieubeau-Teillet et al., 1998; Smith et
al., 2005; Sutherland, 1988). Briefly, 10° cells were plated in 24-well plates coated with
1% of preheated Seaplaque agarose in ImL of medium per well (Bio Basic Canada Inc,
Markham, ON). To encourage cell-cell adhesion the plates were swirled in a circular
motion for 30 min after plating and then placed in the incubator for 30 min. This was
repeated until the cells came together and formed a spheroid. The spheroids were grown
in FBS containing medium that was changed every 3 days by removing 500 ul of
medium and supplementing it with a fresh 500 pl of medium. The spheroids were grown

for 5-7 days and were then frozen for histological and immunofluorescence analysis.

2.9 Histology and Immunofluorescence

Spheroids were frozen in O.C.T. embedding medium (Miles Inc., Elkhart, IN) by
submerging it into cold isopentane (2-methylbutane) (Acros Organics, New Jersey). The
frozen tissue was then sectioned (10-12 um) onto slides for histological and
immunofluorescence analysis. For Haematoxylin and Eosin (H&E) staining slides were
fixed in 10% formalin (BDH Chemicals, Toronto, ON) for 20 min and then immersed in
Haematoxylin (Fisher Scientific, Dair Lawn, NJ) stain for 1 min. Slides were rinsed in

water and then in 1% acid alcohol (concentrated HCI in 70% ethanol) to wash away
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excess stain. The slides where then dipped in in 0.5% lithium carbonate, an alkaline
solution to intensify the blue stain of Haematoxylin. The tissue was then counterstained
in Eosin for 45 sec and dehydrated in two washes of 95% ethanol, two washes of absolute
ethanol and lastly in two washes of toluene (Fisher Scientific, Fair Lawn, NJ). Slides
were mounted with a glass cover slip using peramount (Fisher Scientific, Fair Lawn, NJ).
Tissue sections were viewed with the Zeiss Axiophot microscope with a 40X objective.
For immunofluorescence analysis the spheroid tissue samples were fixed in 4%
paraformaldehyde (BDH Chemicals, Toronto, ON) in PBS. Sections were washed in 3
changes of PBS for 5 min each change and blocked for 30 min in blocking buffer (1:20 of
FBS in washing buffer: 0.8% bovine serum albumin (BSA: Wisent Inc., St. Bruno, PQ)
in PBS). Sections are then washed in washing buffer for 5 min and incubated in Ki67
monoclonal antibody (Dako, Burlington, ON) (1:100 dilution in incubation buffer
(washing buffer with 1:100 of FBS)) for 1 hour. Slides were then washed in 3 changes of
washing buffer for 10 min and incubated for 30 min in Alexa Flour 488 goat anti-mouse
secondary antibody (Invitrogen, Burlington, ON) (1:200 dilution in incubation buffer).
Nuclei were stained using Hoechst 33342 (Invitrogen, Burlington, ON) (1:5000 dilution
in incubation buffer) for 10 min. The slides were then washed in 3 changes of washing
buffer for 15 min each and 3 changes of PBS for 5 min each before being mounted with
glass coverslips using Fluormount G. Ki67 immunofluoresence was viewed with Zeiss
Axio Observer D1 with the 60X objective and 4 representative periphery fields and 4
representative core fields of Ki67 expressing cells to Hoechst-stained cells were counted.
Ki67 immunofluorescence was performed once (n=1) and error bars represent the

stardard deviation. A 20X was used to show a larger area of the spheroid.
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2.10 Nude Mouse Xenograft Assay

Nude mouse xenograft assay were performed as previously described (Iliopoulos,
1995; Smith et al., 2005). Female CD-1 nude mice (Charles River, Wilmington, MA)
were injected subcutaneously into their flank with 107 cells diluted in 200 ul of sterile
PBS. Parental and control cells were injected into the left side of the mouse with the
shHIF2a clones on the right. On a weekly basis tumor dimensions were measured and
recorded. Mice were sacrificed 8-12 weeks post-injection according to ACVS protocol at
the University of Ottawa facility. Final tumor volumes were measured at the time of kill

and the error bars represent the standard deviation of the final tumor volumes..
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3 RESULTS

3.1 Identification of HIF-lo and HIF-2a expression in ovarian

carcinoma cells lines

3.1.1 Time course of HIF-1a and HIF-2a expression

To identify the role of HIF-2a in ovarian carcinoma, OVCA429 and SKOV3 clear cell
ovarian carcinoma cell lines were used. SKOV3 is cisplatin resistant with an
inactivating mutation in 7P53 and a mutation in adenomatous polyposis coli (4APC) gene
downregulating the protein (ATCC, 2011; Jarrett et al., 2001; Yaginuma and Westphal,
1992). For OVCA429 no somatic mutations have been identified in 7P53 or KRAS but
an activating mutation has been identified in PIK3CA (Kuo et al., 2010). HIF-2a
silencing was accomplished by RNA interference using two different shRNA sequences.
Only silencing of HIF-2a was performed and not of HIF-1a, since it has been previously
shown in various epithelial cancers as well as ovarian carcinoma to have no affect or
even increase autonomous growth in vitro and tumorigenesis in vivo (Favaro et al., 2008;
Franovic et al., 2009). In ovarian carcinoma, silencing of HIF-1a pointed towards an
increase in proliferation of cells in vitro in comparison to control cells and tumor size and

weight was comparable to control tumors (Favaro et al., 2008).

To begin the screening of these cell lines for clones containing HIF-2a silencing, a
time course was done to determine the time points at which HIF-la and HIF-2a

expression are detectable at in hypoxia. Detecting HIF-1a is important as it indicates that
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the silencing in these cell lines is specific to HIF-2a and it is a requirement of the
screening process of the clones. Parental cells were incubated in the hypoxia chamber
over a 12 hour period and lysate was collected at various time-points. For OVCA429,
HIF-1a has an increase in expression at the earlier time points and decreases at 8 and 12
hours. HIF-2a has highest expression at 4 hours that decreased at 8 and 12 hours. For
both while present at all time-points, greatest expression is seen at 4 hours (Figure 8A).
Therefore, after a 4 hour hypoxic incubation lysate for the shHIF-2a clones was collected
to be screened by immunoblot analysis. For SKOV3, HIF-1a expression is elevated at
the 4 hour time-point and decreased at the later time points. HIF-2a required a longer
hypoxic incubation to be strongly induced, which is seen at 8 hours (Figure 8B). At two
time points, 4 hours for HIF-1a and 8 hours for HIF-2a lysate was collected for SKOV3
so both HIFa proteins could be detected. In both cell lines HIF-1a displays two bands
due to post-translational modifications such as hydroxylation, phosphorylation, and
acetylation among others (Jeong et al., 2003; Masson and Ratcliffe, 2003; Richard et al.,
1999; reviewed in Brahimi-Horn et al., 2005). In OVCA429 the upper band is present at
all time points where in SKOV3 the lower band is present at all time points (Figure 8). It
is unknown whether the different bands indicate the various forms of post-translational

modifications of the HIFa proteins.
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Figure 8. Time course of HIF-1a and HIF-2a expression in hypoxia. Parental cells
were incubated in the hypoxia chamber over a 12 hour period and lysate was collected at
various time points. A. OVCA429 has the greatest level of expression of HIF-la and
HIF-2a at 4 hours but both proteins are present at all time points. B. SKOV3 has a peak
of HIF-1a expression at 4 hours, where HIF-2a has the highest expression at 8 hours.

Actin served as a loading control and experiments were repeated three times (n=3).
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3.1.2 Immunoblot and real-time PCR analysis of shHIF-2a ovarian

carcinoma cells

For screening of OVCAR429 shHIF-2a clones, the cells were incubated in the
hypoxia chamber for 4 hours. At this time-point, lysate was collected for immunoblot
analysis. shHIF-2a clones were screened and three Sh2.1 clones and three Sh2.2 clones
have a decrease in or no detectable level of HIF-20. when compared to parental and
control cells (Figure 9A top). For Sh2.1 #4 and Sh2.2#13 a slight expression of HIF-2a
is seen, while Sh2.1 #2, Sh2.1 #6, Sh2.2 #14 and Sh2.2 #17 have no detectable
expression compared to parental and control cells. Sh2.2#14 has comparable HIF-1a
expression to control #2, while the rest of the shHIF-2a clones expressed HIF-1a
comparable to parental but are lower than control #1 and #2. Control #1 and #2 have a
higher level of expression of HIF-1o and HIF-2a than the parental cells. Controls are a
scrambled non-targeting shRNA sequence. The scrambled shRNA control seems to be
targeting RNA that is increasing HIFa levels. HIF-1la is expressed in all the shHIF-2a
clones and although the levels are not comparable to the controls except for Sh2.2#14,

levels are comparable to parental cells indicating that silencing is specific to HIF-2a.

SKOV3 shHIF-2a clones had lysate collected after an 8 hour hypoxic incubation for
HIF-2a detection and 4 hours for HIF-1a. The Sh2.1 #3 and #4 clones have almost no
HIF-2a expression in comparison to the parental, control #1 and #2. Sh2.2 #4 has a very
slight expression in HIF-2o where Sh2.1 #8, Sh2.2 #6 and #12 have no HIF-2a

expression when compared to parental and controls #2 and #3. Control cells have a
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Figure 9. Screening of shHIF-2a clones by immunoblot and real-time PCR analysis.
A. OVCA429 (top) Sh2.1#4 and Sh2.2#13 clones have a slight expression of HIF-2a
expression, while the other clones have no detectable expression. All OVCA429 clones
express HIF-1a comparable to parental cells but were lower than the control cells except
for Sh2.2#14 which is equivalent to control #2. Actin acted as a loading control.
SKOV3 (bottom) Sh2.1 #3 and #4 and Sh2.2 #4 have a decrease in HIF-2a expression
where Sh2.1 #8 and Sh2.2 #6 and #12 have no expression of HIF-2a detectable. All
clones express HIF-1a in comparison to parental and control cells except Sh2.1 #4 where
its expression is lower. For SKOV3 immunoblots actin shown is a loading control for
HIF-20 and HIF-la ponceau S stain is shown in Appendix A (Figure 1). All
immunoblots were repeated three times and shown here are representative blots.  B.
Real-time PCR of OVCA429 (left) and SKOV3 (right) parental, control and shHIF-2a
clones. mMRNA levels are relative to parental cells in nomoxia and normalized to
housekeeping gene 36B4. Statistically significant decrease in HIF-2a is seen in the
shHIF-2a clones compared to controls in normoxia indicated by the asterisks for both cell
lines. OVCA429 Sh2.2#14 had a statistically significant increase in HIF-1a in normoxia
compared to control #2 in normoxia. SKOV3 control #3 has a statistically significant
decrease in HIF-2a compared to parental cells. Average of the three trials (n=3) is
shown here, error bars represent the SEM and statistical significance was calculated using

the Student t-test.
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lower expression of HIF-2a compared to SKOV3 parental cells. The scrambled non-
targeting ShRNA seem to be negatively affecting HIF-2a levels. HIF-1a was detected in
all clones similar to parental and controls cell except for Sh2.1 #4, where HIF-1a is

barely detectable (Figure 9A bottom) (HIF-1a loading control is in Appendix A, Figure

).

To determine if the scrambled shRNA controls affected HIFa at the mRNA or protein
level real-time PCR was carried out. Relative expression of the mRNA was compared to
parental cells in normoxia. OVCA429 cells were incubated in the hypoxia chamber for 4
hours and then RNA was extracted along side its normoxic counterpart. Parental and
control cells have similar levels of HIF-2a mRNA with a slight induction in hypoxia
compared to its normoxic counterparts (Figure 9B right panel). The shHIF-2a clones
have a 3-5 fold statistically significant decrease of HIF-2o in normoxia and hypoxia
compared to control cells in normoxia indicated by the asterisks (Figure 9B left panel).
For HIF-1a, fairly similar levels of mRNA were seen in all cells and conditions, except
for Sh2.2#14 in normoxia has a statistically significant increase in of HIF-lo mRNA
expression compared to control #2 cells in normoxia (Figure 9B right panel). Control #2
has similar levels of mRNA compared to parental cells for both HIF-1a and HIF-2a,
indicating that the increase in expression seen at the protein level in scrambled shRNA

controls is not due to the mRNA levels.

SKOV3 cells were incubated in the hypoxia chamber for 8 hours and RNA was

extracted along side its normoxic counterpart. Sh2.1#8 has approximately a 10-15 fold
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decrease in HIF-2a and Sh2.2#12 has a 4-5 fold decrease. Both shHIF-2a clone has a
statistically significant decrease in HIF-2ao mRNA levels compared to control #3 cells in
normoxia. Control #3 has a statistically significant decrease of HIF-2a mRNA
expression compared to parental cells in normoxia (Figure 9B right panel). HIF-1a
mRNA levels are similar in parental, control #3 and shHIF-2a clones (Figure 9B right
panel). SKOV3 control #3 has a statistically significant decrease in mRNA levels of

HIF-2a, which may account for the decrease seen at the protein level.

3.2 Silencing of HIF-20. prevents autonomous growth of ovarian

carcinoma cells

An autonomous growth assay was performed to determine if there was an inhibition in
proliferation due to the absence of HIF-2a expression. This was done by BrdU
incorporation, a synthetic nucleoside and an analogue of thymidine. It is incorporated
into the DNA of replicating cells, substituting for thymidine during synthesis. A specific
antibody to BrdU is then used to detect its incorporation, indicating the cells that were
actively replicating their DNA. The shHIF-2a clones were set up alongside parental and
control cells for the autonomous growth assay. By removing the FBS from the medium,
the exogenous growth factors are removed and in the absence of HIF-2a, the shHIF-2a
clones should have a decrease in proliferation if the hypothesis is correct. HIF-2a
activates growth factors and RTKs that are involved in autonomous growth of cancer
cells (Franovic et al., 2007; Franovic et al., 2009; Smith et al., 2005; Uniacke et al.,

2012). Serum free medium is supplemented with 1% ITS, which is needed for in vitro
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growth and survival of mammalian cells. Cells grown in the presence of serum act as the
control to illustrate that in regular in vitro culture conditions with the aid of exogenous

growth factors proliferation is not affected.

In normoxia, OVCA429 parental and control cells grown in ITS have a 20-25% of
BrdU incorporation. Sh2.1 #4, #6, and Sh2.2 #14 have under a 10% BrdU incorporation
whereas Sh2.1 #2, Sh2.2 #13 and #17 are just over 10%. All the shHIF-2a clones have a
statistically significant inhibition in proliferation in comparison to control #2 indicated by
the asterisks. The shHIF-2o clones having a statistically significant decrease in
proliferation are worthy candidates for the xenograft assay. OVCA429 parental, controls
and shHIF-2a cells grown in the presence of FBS have approximately a 40% BrdU
incorporation indicating that with the aid of exogenous growth factors proliferation is not

affected by HIF-2a silencing (Figure 10A).

The autonomous growth assay was then repeated in hypoxia since it provides similar
conditions to a tumor microenvironment. This was done with shHIF-2a clones Sh2.1#4
and Sh2.2#14 alongside parental and control #2 cells. Equivalent results are seen when
compared to cell cultured in normoxia (Figure 10B). All cells grown in medium
containing FBS have a 32-37% BrdU incorporation, whereas parental and control #2 cells
grown in ITS have approximately 25% BrdU incorporation. shHIF-2a grown in ITS
have a 5% or less BrdU incorporation in comparison to control #2 cells and have a

statistically significant decrease in proliferation designated by the asterisks (Figure 10B).
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Figure 10. Silencing of HIF-2a prevents autonomous growth of OVCA429 in vitro.
A. In normoxia, OVCA429 parental and control cells grown in ITS have approximately a
20-25% BrdU incorporation where the shHIF-2a clones are approximately 10% or lower.
All the clones have a statistically significant inhibition in proliferation in comparison to
control #2 cells indicated by the asterisks. OVCA429 cells grown in serum conditions
(FBS) have approximately a 40% BrdU incorporation. Experiments were repeated three
times (n=3) and shown here is the mean result of the three trials. Error bars represent the
SEM and Student t-test was done to determine the significant differences. B. Similar
results are seen with the cells grown in hypoxia. Parental and control #2 have a 25%
BrdU incorporation and the shHIF-2a clones have 5% or less being statistically
significant inhibition in proliferation in comparison to control #2 cells when grown in
ITS, indicated by the asterisks. Cells grown in serum conditions have a 30%-40% BrdU
incorporation. Experiments were repeated twice in hypoxia (n=2) with the mean of the
experiments shown here. Error bars indicate the SEM and significant difference was

determined by Student t-test.
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SKOV3 autonomous growth assay was performed in the same fashion as OVCA429.
In normoxia, parental cells grown in ITS have a 25% BrdU incorporation and the control
cells have approximately 20% incorporation. All shHIF-2a clones have a BrdU
incorporation of 10% or less, therefore displaying a statistically significant decrease in
proliferation in comparison to control #1 cells. All cells grown in FBS have a BrdU
incorporation between 30-40% (Figure 11A). The autonomous growth assay was then
repeated in hypoxia to illustrate a condition similar to a tumor microenvironment. In ITS
supplemented medium, parental and control #1 cells have a 20% incorporation where the
shHIF-2a clones have less than 5% BrdU incorporation and are statistically significant in
comparison to control #1 cells (Figure 11B). The autonomous growth assay indicates
that HIF-2a has a role in autonomous growth of ovarian carcinoma cell lines. Silencing
HIF-2a has a negative effect on proliferation in normoxia and hypoxia when the cells are
cultured in ITS supplemented medium. By immunoblot analysis when the membrane is
exposed for a longer period of time HIF-2a is present in both normoxic and hypoxic
conditions (Appendix A, Figure 2). The autonomous growth assay indicates that basal
level of HIF-2a is functional in normoxia as well as when it is induced in hypoxia shown
in parental and control cells (Uchida et al., 2004; Wiesener et al., 1998). In the absence
of HIF-2a in the shHIF-2a clones there is a decrease in proliferation when cells are in

serum free ITS supplemented medium (Figures 10 and 11).
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Figure 11. HIF-20 silencing impairs autonomous growth of SKOV3. A. In
normoxia, SKOV3 parental and control cells grown in medium supplemented with ITS
have a BrdU incorporation of approximately 20-25%. The shHIF-2a clones have
approximately 10% or lower BrdU incorporation displaying a statistically significant
decrease in proliferation in comparison to control #1 cells indicated by the asterisks. All
SKOV3 cells grown in medium containing serum have about a 30%-40% BrdU
incorporation. Autonomous growth assay in normoxia was performed three time (n=3)
and the mean results are shown here. B. In hypoxia, shHIF-2a cells grown in ITS have a
statistically significant inhibition in proliferation in comparison to control #1 cells at 5%
or less indicated by the asterisks. All cells grown in serum containing medium have just
over a 30% BrdU incorporation. The autonomous growth assay performed in hypoxia
was repeated twice (n=2). Statistical analysis for both normoxic and hypoxic
autonomous growth assay indicates the significant decrease in proliferation determined

by Student t-test and error bars represent the SEM.
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3.3 HIF-2a silencing downregulates translation in ovarian carcinoma

In recent work by our lab, HIF-2a was identified as a component of the translation-
initiation complex during hypoxia (Uniacke et al., 2012). The silencing of HIF-2a and
the affect it has on global translation can be determined by [*°S]-Met labeling. A 30 min
pulse of [*>S]-Met was given to the cells and lysate was collected. This was done for
both OVCA429 and SKOV3 cells and their lysates were run on SDS-PAGE gels. In
normoxia, global translation is similar for all the cells indicated by the band intensity as a
percentage relative to parental normoxic cells. In hypoxia, parental and controls cells
have in between a 30-50% decrease in translation compared to its normoxic counterpart
(Figure 12A). The shHIF-2a clones in hypoxia have a 70-80% decrease in translation
compared to their normoxic counterparts and approximately a 40% decrease compared to
parental and control cells in hypoxia (Figure 12A). There is a decrease of translation in

all the cells in hypoxia but there is a further downregulation in the shHIF-2a clones.

RTKs were found to be translational targets of the hypoxic translation initiation
complex (Uniacke et al., 2012). Previously, in our lab a RTK array had been done for
SKOV3 cells with HIF-2a silencing (Apendix A, Figure 3). RTKs having decreased
expression in the HIF-2a silenced cells compared to control cells were then screened
again by immunoblot analysis for both cell lines. The RTKs that were screened are
EGFR, IGF1R, HER3, and Met. PDGFRo was also screened since it was shown to be a
target mRNA of the HIF-2a—RMB4—eIF4E2 complex (Uniacke et al.,, 2012). No

difference in expression was seen with HER3 and PDGFRa. EGFR and Met did shown a
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Figure 12. Silencing of HIF-20 downregulates global translation and IGFIR
expression. A. [S]-Met labeled OVCA429 and SKOV3 shHIF2a clones in hypoxia
have a downregulation in global translation by 40% compared to parental and control
cells in hypoxia indicated by the band intensity. [*°S]-Met labeling was performed once
(n=1). B. IGFIR has an induction seen in hypoxia for OVCA429 parental cells and
SKOV3 parental and control #1 cells while in the shHIF2a clones have almost no
expression. OVCA429 control #2 has high levels of expression in normoxia and
hypoxia. Phosphorylated Akt (pAkt) has an induction in parental and control cells in
hypoxia with barely any expression in the shHIF2a clones. Immunoblot analysis of
IGFIR and Akt was repeated three times (n=3) with representative blots shown here.

Actin served as the loading control.
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decrease in expression in the shHIF-2a clones but results were not consistant. In both
OVCA429 and SKOV3 a decrease in expression of IGF1R was seen in the shHIF-2a
clones (Figure 12B). OVCA429 and SKOV3 parental cells have an induction of IGFIR
in hypoxia, which is also seen in SKOV3 control #1. OVCA429 control #2 has high
levels of IGFIR in both normoxia and hypoxia. Phosphorylated Akt (pAkt), a
downstream target of IGFIR also has an induction in parental and control cells in
hypoxia with almost no expression in the shHIF-2a clones (Figure 12B). ERK1/2 is also

a downstream target of IGF1R but results were not consistent for this signaling molecule.

3.4 In vitro tumor spheroid proliferation is prevented by HIF-2a

silencing

HIFa proteins have a number of transcriptional and translational targets. They have
many angiogenic targets that are also upregulated in a number of cancers such as VEGF.
During the development of the tumors, angiogenic factors are activated and remain on,
resulting in new vessel development to maintain the demands for tumor growth (Hanahan
and Folkman, 1996; Shweiki et al., 1992). In vitro tumor spheroid formation provides a
3-dimensional avascluar system to determine that the effect of silencing HIF-2a results in
defects in the autonomous growth system and not from defects in vascularization. On the
day of plating, spheroids had a loose appearance and after an overnight incubation, the
spheroids became more compact, with a dense core. In vitro spheroids have a hypoxic
core due to the fact that oxygen is unable to diffuse the distance through the layers of

cells and therefore an upregulation of HIFa proteins is seen (Figure 13A) (Franovic et al.,
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Figure 13. Avascular OVCA429 tumor spheroids have a decrease in proliferation in
the absence of HIF-2a. A. Hypoxyprobe staining of US7MG spheroids delineating the
hypoxic core. B. H&E staining illustrate the compaction of the spheroids with Sh2.1#14
showing the greatest level of compaction compared to parental and control #2, while
Sh2.2#14 is the least compact (top panel) (40X). Parental and control #2 spheroids have
Ki67 expression with more at the periphery than the core. The shHIF2a clones also have
Ki67 expression at the periphery and some in the core but a decrease was seen in
comparison to parental and control #2 (bottom panel pictures with 20X). C. Parental
spheroid has 25% Ki67 staining at the periphery and 20% in the core. Ki67 expression
for control #2 spheroid is 30% at the periphery and 25% at the core. A decrease of Ki67
expression is seen in the shHIF2a spheroids with around 10% of expression at the
periphery and 3-5% in the core. 4 representative areas of periphery and 4 of the core
(60X) were counted to obtain a percentage of Ki67 expression to Hoechst positive cells.
Experiment was performed once (n=1) and error bars represent the standard deviation

(representative pictures in Appendix, A Figure 4A).
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2007; Grote et al., 1977; MacDougall and McCabe, 1967). The hypoxic core of
spheroids is indicated by hypoxyprobe staining. Hypoxyprobe is added to the cell
monolayer before they are plated for spheroid formation. The hypoxyprobe is
incorporated by the cells and when the spheroid becomes hypoxic the hypoxyprobe is
activated and can be detect using a specific antibody shown in US§7MG glioblastoma
spheroid (Figure 13A). The spheroids were grown for 5-7 days and then frozen for
immunofluorescence analysis using an antibody to Ki67. Ki67 is a proliferation marker

and is present during all active phases of the cell cycle but absent in G (Scholzen and

Gerdes, 2000).

OVCA429, Sh2.1#4 has a great level of compaction compared to parental, control #2
with Sh2.2#14 having the least amount of compaction (Figure 13B top panel). Ki67 is
seen strongly on the outer surface of parental and control #2 spheroids and is also present
in the core . The shHIF-2a clones have a decrease in Ki67 expression seen mostly at the
periphery (Figure 13B bottom panel). Ki67 expression is 25% at the periphery and 20%
in the core for parental spheroids, where control #2 has 30% at the periphery and 25% in
the core. Periphery staining in the shHIF-2a spheroids is approximately 10%, where core
staining is around 3-5% (Figure 13C) (Appendix A, Figure 4A). A decrease in
proliferation in comparison to parental and control #2 is seen in the shHIF-2a spheroids.
The periphery of the spheroids have a higher Ki67 expression than the core since oxygen
is available to the outer layers in parental and control #2 spheroids. The cores of the
spheroids are hypoxic and with HIF-2a growth is able to occur but in the absence of HIF-

2a a decrease in proliferation is present in the shHIF-2a clones (Figure 13C).
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Similar results are seen in SKOV3 spheroids for Ki67 expression. SKOV3 spheroids
are very compact, with Sh2.1#8 more so than the others shown by H&E staining (Figure
14A top panel). In parental and control #1 cells, Ki67 expression is seen in the outer
surface as well as in the hypoxic core, while the shHIF-2a clones have a decrease in Ki67
expression at the periphery and hypoxic core (Figure 14A bottom panel). Approximately
25% of cells in parental and control #1 spheroids express Ki67, at the periphery and
approximately 20% in the core. Periphery Ki67 expression is approximately 5% in the
shHIF-2a spheroids with 2% in the core (Figure 14B) (Appendix A, Figure 4B). In vitro
spheroid formation indicates that the effects of HIF-2a silencing are not from insufficient

vascularization, but due to defects in autonomous growth.

3.5 HIF-2a is necessary for in vivo tumor proliferation

It has previously been shown that HIF-2a is necessary for in vivo tumorigenesis in
various carcinomas (Franovic et al., 2009; Holmquist-Mengelbie et al., 2006; Kondo et
al, 2002; Menrad et al., 2010; Raval et al., 2005). Thus far HIF-2a has downregulated
proliferation in vitro in 2-dimensional cultures (serum free) and tumor spheroids. There
is also a decrease in global translation and expression of IGF1R in hypoxia. Xenografts
have previously been done with OVCA429 and SKOV3 parental cells and took
approximately two months for tumors to form when injected into the peritoneal cavity
(Shaw et al., 2004). SKOV3 cells when injected subcutaneously formed tumors with

two months of injection (Nielsen et al., 2000). Knowing that the cells contain the
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Figure 14. Growth of SKOV3 in vitro avascular spheroids is downregulated due to
HIF2a silencing. A. SKOV3 spheroids are compact with Sh2.1#8 more so than the
others (top panel). Parental and control #1 have Ki67 expression in the hypoxic core but
more so at the outer edge. The shHIF2a spheroids have a decrease of Ki67 expression at
the periphery and core. B. Parental and control #1 spheroids have approximately 25%
Ki67 expression at the periphery and 20% in the core. Periphery expression of Ki67 is
approximately 5% with the core being approximately 2% in the shHIF2a spheroids.
Representative areas of the periphery and core (4 each at 60X) were counted to obtain a
percentage of Ki67 expression to Hoechst positive cells. Experiment was performed
once (n=1) and error bars represent the standard deviation (representative pictures in

Appendix A, Figure 4B).
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capacity to form xenografts, 10" cells were injected subcutaneously into the flank of
female CD1 nude mice. All mice were sacrificed at three months except if the tumors
became to large then the mouse was sacrificed before the three month endpoint. These
mice lack their thymus and are therefore unable to produce T-cells, resulting in
immunodeficiency (Charles River, 2011). For OVCA429 each shHIF-2a clone was
injected into three mice alongside parental or control cells. Parental, control #1 and
control #2 xenografts were in between 300-600 mm’ in volume, while no xenografts
formed for Sh2.1#6. Average tumor volume was less than 100 mm’ for Sh2.1#4,

Sh2.2#13 and Sh2.2#14.

SKOV3 shHIF-2a clones were also tested to see if tumor formation would occur.
Clones Sh2.1#3, Sh2.1#8 and Sh2.2#12 were each injected in three mice on the right with
either parental, control #1 or control #3 on the left side. Tumor formation did not occur
in shHIF-2a clone while parental cells formed tumors after two months of being injected.
No tumor formation occurred in the control cells. The xenograft assay with SKOV3 does
need to be repeated with new controls and shHIF-2a. From the xenograft assay with
OVCA429 it shows that parental and control cells were capable of tumor formation while

silencing HIF-2a disabled or impaired tumor formation in the shHIF-2a clones.

65



Figure 15. HIF-2a silencing decreases the tumorigenic capability of OVCA429.
Endpoint tumor volumes of xenografts for OVCA429 parental, control and shHIF-2a
clones. In OVCA429 parental, control #1 and control #2 xenografts formed tumors
approximately 300-600 mm’ in volume. No tumor formation occurred for Sh2.1#6,
while Sh2.1#4, Sh2.2#13 and Sh2.2#14 have small tumor formation with average tumor
volumes less than 100 mm’. The number of mice injected for parental, control and
shHIF-2a clones is indicated above the average volume bar. Error bars indicate the

standard deviation and the xenograft assay was performed once (n=1).
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4 DISCUSSION

4.1 Summary of major evidence

The investigation of the role of HIF-2a in ovarian carcinoma began by determining at
what hypoxic time points the HIFa proteins were present to allow for screening of the
shHIF-2a clones. In OVCA429, HIF-1a and HIF-2a are both present at 4 hours while in
SKOV3 HIF-1a peaked at 4 hours while HIF-2a peaked at 8 hours (Figure 8). HIF-2a is
strongly induced and continuously expressed in hypoxia, where HIF-1a is known to have
transient expression, expressed acutely at very low oxygen levels (O, 0-1%), and have a
shortened half-life the longer it is exposed to a hypoxic environment (Berra et al., 2001;
Holmquist-Mengelbier et al, 2006; Marxsen et al., 2004). HIF-1a is more sensitive to
PHD2 and PHD3 degradation. It is also degraded by specific E3 ubiquitin ligases such as
HIF-associated factor (HAF) and heat shock protein 70 (HSP70) and carboxyl terminus
of HSP70-interaction protein (CHIP) (Holmquist-Mengelbier et al, 2006; Koh et al.,
2008, Koh et al., 2011; Luo et al., 2010; Marxsen et al., 2004). HIF2a is not affected by
either of these two E3 ubiquitin ligases that act independently of VHL (Koh et al., 2008,

Koh et al., 2011; Luo et al., 2010).

After screening clones and identifying ones with a knock down in HIF-2a the
autonomous growth assay was done. OVCA429 and SKOV3 cells with HIF-2a silencing
have a significant decrease in proliferation in comparison to control cells in vitro when
cultured in serum free medium in normoxia and hypoxia (Figure 10 and 11). By

immunoblot analysis HIF-2a is detectable when the membrane is exposed for a longer
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period of time and mRNA levels of HIF-2a was similar in parental and control cells in
normoxia and hypoxia (Figure 9B) (Appendix A, Figure 2). Post-translational regulation
of HIFas decreases their protein levels but the basal level of HIF-2a has a potent effect.
This is seen in the autonoumous growth assay where a decrease in proliferation is not
only present in hypoxia but also in normoxia in the shHIF-2a clones (Figure 10 and 11)
(Uchida et al., 2004; Wiesener et al., 1998). To determine that the effect of silencing
HIF-2a was affecting autonomous growth and not angiogenesis, 3-dimensional in vitro
avascular spheroids were used. Spheroids made with the shHIF-2a cells have a decrease
in the proliferation marker Ki67, therefore confirming that silencing of HIF-2a was

affecting autonomous growth in the ovarian carcinoma cell lines (Figure 13 and 14).

From the autonomous growth assay it was shown that in the absence of exogenous
growth factors, shHIF-2a clones have impeded proliferation (Figure 10 and 11).
Silencing HIF-2a halts the production of RTKs as well as other proteins, inactivating
their downstream signaling and preventing proliferation. [*°S]-Met labeling was used to
determine the effect of silencing HIF-2a on global translation in ovarian carcinoma. In
the absence of HIF-2a there is a 40% decrease in global translation in hypoxia compared
to parental and control cells (Figure 12A). Certain RTKs have been found to be
translational targets of the hypoxic translation initiation complex, where HIF-2a is one of
the components. IGF1R in parental and control cells have an induction in hypoxia except
for OVCA429 control #2, where in the shHIF-2a clones a downregulation is seen in
hypoxia (Figure 12B). Akt is a downstream target of IGFIR and it followed the same

protein expression profiles as IGFIR. An induction of pAkt is present in hypoxia in
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parental and control cells, where the shHIF-2a clones have barely any expression. The
Akt pathway has roles in protection from apoptosis, glucose metabolism, proliferation,
transcription and migration (Kuemmerle, 2003; Shelton et al. 2004; Torres Aleman,
2005). OVCA429 and SKOV3 were then used for the nude mice xenograft assay to
assess the tumorigenic effect of silencing HIF-2a. For OVCA429 small or no tumor
formation occurred from the shHIF-20 where parental and control cells formed tumors
(Figure 15). SKOV3 parental cells formed tumors, where no tumor formation occurred
for the shHIF-2a clones. The SKOV3 controls also did not form tumors. New SKOV3
controls and shHIF-2a clones will have to be made to test the hypothesis. Taken
together, the data suggests that HIF-2a activates autonomous proliferation through the
activation of its transcriptional and translational targets (growth factors and RTKs)

leading to tumorigenesis in ovarian carcinoma (Figure 16).

4.2 HIF-20 the oncogenic protein

Cancer is diverse in many ways since it occurs in all different cell types of the body.
Mutations occurring in genes can produce oncogenes or tumor suppressors that
deregulate signaling pathways promoting a cancer phenotype. These changes allow the
acquisition of the hallmarks of cancer, such as autonomous growth. These oncogenes,
tumor suppressors and deregulated signaling pathways are seen in all cancers but not
every cancer employs the same factors to be able to proliferate and form tumors
(Hanahan and Weinberg, 2000; Hanahan and Weinberg, 2011). There are many different

contributing factors to tumorigenesis in cancer cells but we believe that HIF-2a is a
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Figure 16. Autonomous growth and tumorigenesis in ovarian carcinoma. The
activation of HIF-2a in ovarian carcinoma due to tumor hypoxia activates its
transcriptional and translational targets such as growth factors and RTKs, respectively.
The elevated activation of RTK and their downstream signaling pathways leads to

autonomous growth resulting in tumorigenesis of ovarian carcinoma.
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recurring theme. As tumor formation and expansion occurs hypoxia is developed from
inadequate vascularization. Due to tumor hypoxia HIF-1a and HIF-2a are active to aid in
the adaption to the tumor microenvironment. HIF-1a and HIF-2a activation is seen in an
array of cancers and thought to be involved in the progression of cancer (Aebersold et al.,
2002; Birner et al., 2000; Birner et al., 2001; Birner et al., 2001; Bos et al., 2001;
Maxwell et al., 1999; Osada et al., 2007; Schindl et al., 2002; Sivridis et al., 2002; and
Talks et al., 2000; reviewed in Bertout et al., 2008; Keith et al., 2011; Vaupel and
Harrison, 2004). Although much of the focus of studies has been on HIF-1a, we have
focused on HIF-2a. These two HIFa isoforms are highly conserved at the protein level
but they have more than just overlapping roles in the response to hypoxia. HIF-2a seems
to be the oncogenic protein of the two having an effect on growth and tumor formation in

cancer.

4.3 HIF-20 and autonomous growth

HIF-2a has shown to be involved in sustaining proliferative signaling or autonomous
growth (Franovic et al. 2009; Menrad et al., 2010; Stiehl et al., 2011). HIF-2a is present
in ovarian carcinoma samples at all stages of the disease but an investigation of the role it
plays in the development of ovarian carcinoma had not been completed (Osada et al.,
2007; Talks et al., 2000). We as well as other laboratories have previously shown in
various epithelial cancers regardless of tissue type and genetic position that HIF-2a
activation is required for autonomous growth in vitro and for tumorigenesis in vivo

(Franovic et al. 2009; Menrad et al., 2010; Stiehl et al., 2011).
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By the autonomous growth assay, proliferation is decreased in ovarian carcinoma cells
when HIF-2a is silenced and cultured in serum free medium (Figure 10 and 11). By
culturing the cells in serum free medium supplemented with ITS, the exogenous growth
factors are removed that aid in proliferation. Translation of RTKs containing an rHRE is
halted in the absence of HIF-2a affecting proliferation of the cells (Figure 12B).
Although RTKs are translational targets of HIF-2a, some growth factors are
transcriptional targets. TGFa is a transcription target of HIF-2a and a renal mitogen in
RCC. The TGF-o/EFGR pathway is activated in RCC due to HIF-2a activity resulting in
autonomous growth (de Paulsen et al., 2001; Gunaratnam et al., 2003; Smith et al., 2005).
HIF-2a is also known to activate other growth factors transcriptionally that may play a
role in ovarian carcinoma autonomous growth such as insulin growth factor-1 (IGF1),
since its receptor, IGF1R, is affected by HIF-2a silencing (Figure 12B) (Akeno et al.,

2002; Scharf et al., 2005).

4.4 HIF-2a and translation

In hypoxia the mechanism used by cells for translation initiation was unknown. IRES-
mediated initiation is an alternative method but has shown not to be the replacement
mechanism. In a study by Young et al., hypoxia regulated mRNA containing an IRES
such as VEGF and HIF-1a were tested to determine if they used this cap-independent
method of translation. Cells were oxygen starved and transfected with synthesized
mRNA and IRES-mediated translation accounted for <1% of translation (Young, et al.,

2008).
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HIF-1a and HIF-2a are activated to aid in the adaptation to the hypoxic environment
and function to activate transcription of target genes. These transcribed genes need to be
translated as well to carry out the response to hypoxia. The oxygen-regulated translation
initiation complex HIF-20—RMB4—eIF4E2 seems to be the main mechanism used for
translation in hypoxia. Without HIF-2a or/and RMB4 there is a approximately a 40%
decrease in global translation in hypoxia compared to control cells (Uniacke et al., 2012).
Experiments for the discovery of this complex was done in US7MG glioblastoma cells
and in renal proximal tubular epithelial cells. Here, it is shown that in the absence of
HIF-2a in ovarian carcinoma cells there is also a 40% decrease in global translation as
well as in IGF1R and its downstream target pAkt (Figure 12). The Akt pathway is one of
the main pathways activated by IGF1R, leading to protection from apoptosis. IGFIR is a
transmembrane protein and upon ligand binding, the tyrosine protein kinase is activated
and phosphorylation of tyrosine residues occurs (Shelton et al. 2004; Torres Aleman,
2005). The tyrosine kinase activity of the IGFIR increases, leading to phosphorylation of
associated substrate proteins such as PI3K leading to activation of Akt (Kuemmerle,
2003). Activation of Akt inactivates several proteins that are involved in apoptosis. Akt
also has roles in other cellular processes such as glucose metabolism, cell proliferation,
transcription and cell migration (Kuemmerle, 2003; Kulik et al., 1997; Shelton et al.

2004; Torres Aleman, 2005).

IGFIR overexpression has been seen in cisplatin resistant cell lines (Eckstein et al.,
2009; Reibenwein and Krainer, 2008). SKOV3 is a cisplatin resistant cell line and an

induction of IGFIR is seen in hypoxia and is also present in OVCA429 (ATTC, 2011).
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IGF1R monoclonal antibodies and inhibitors are currently in clinical trials but have not
yet been approved for use in cancer therapy (Brokaw et al., 2007; Mabuchi et al., 2007;
Marone et al., 2008; Spentzos et al., 2007; Weroha et al., 2008). Instead of targeting
individual RTKs for cancer therapy that often acquire resistance, targeting HIF-2a would

affect multiple proteins associated with tumor progression.

4.5 HIF-2a and the Hallmarks of Cancer

The hallmarks of cancer and their enabling characteristics come together allowing
tumor formation and metastasis. The role of HIF-2a in autonomous growth of cancer has
already been demonstrated and it is also involved in multiple hallmarks. The PI3K/Akt
pathway is activated by IGF1R kinase activity, a HIF-2a translational target, inducing
potent anti-apoptotic effects and therefore resisting cell death (Datta et al., 1997; Kulik et
al., 1997; Shelton et al. 2004; Uniacke et al., 2012). VEGF, a HIF-2a transcriptional
target is upregulated in cancer (Carmeliet, 2005). It is involved in inducing angiogenesis
since tumors require nutrients and oxygen (Lynden et al., 2001). Tumor-associated
neovasculature is formed by angiogenesis. The process of angiogenesis is rather
quiescent in normal adult cells except in certain circumstances were it is turned on for a
short period of time such as during wound healing (Hanahan and Folkman, 1996). In
tumors the angiogenic switch is an early event in the invasiveness of cancers and almost
always remains on since HIFas are present due to tumor hypoxia (Hanahan and Folkman,

1996; Raica et al., 2009).
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Carcinomas progress to a higher pathological grade of malignancy shown by their
invasive ability and metastasis. E-cadherin, a cell-to-cell adhesion molecule forms
adherens junctions between adjacent epithelial cells building epithelial sheets. A
downregulation of E-cadherin alters the cell’s physiology and attachment to the
extracellular matrix leading to invasion and metastasis (Mareel et al., 1994; Oka et al.,
1994). In VHL defective RCC cell lines HIF activation is necessary to suppress E-
cadherin. Cancer cells express a hypoxic proteome and with the presence of HIF-2a, E-
cadherin’s function is perturbed. A combined effort from both HIF-1a and HIF-2a are
needed for the suppression of E-cadherin. The epithelial-mesenchymal transition (EMT)
program is also involved in invasion and metastasis, an acquired attribute usually present
in development (Chrisriansen and Rajasekaran, 2006; Waerner et al., 2006; Xu et al.,
2006). The activation of the EMT program in mice with lung carcinoma expressing HIF-
20 and containing a mutant KRAS have increased tumor burden and invasiveness with

shortened survival (Kim et al., 2009).

An emerging hallmark is reprogramming energy metabolism. Cancer cell undergo an
energy adjustment to use anaerobic glycolysis. Anaerobic glycolysis is used to produce
energy rather than pyruvate continuing onto oxidative phosphorylation in the
mitochondria due to the decrease in oxygen availability. This observation was first made
by Otto Warburg who found even in the presence of oxygen cancer cells still utilize
anaerobic glycolysis leading to an acidic tumor environment known as the Warburg
effect (Warburg, 1930; Warburg 1956a; Warburg 1956b; reviewed in Gatenby and Gilles,

2004; Hanahan and Weinberg, 2011). Cancer cells compensate for the lower efficiency
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of energy production by upregulating glucose transporters, especially Glut-1 a
transcriptional target of both HIF-1o and HIF-2a to upregulate glycolysis. HIF-2a has a

number of roles in the acquisition of multiple hallmarks of cancer.

4.6 Therapeutic targeting of HIF-2a

With the new discovery of the translational role of HIF-2a, the focus of target therapy
should be towards this protein. Cancer cells are hypoxic and due to the HIF-
20—RBM4—elF4E2 complex they display a hypoxic proteome enabling the cancerous
cells to expand and form tumors (Uniacke et al., 2012; Vaupel and Harrison, 2004). By
targeting cells utilizing the hypoxic translational machinery, therefore the cancerous cells,
it would not interfere with regular elF4E translation in a patient. Bacteriostatic
antibiotics inhibit the protein synthesis in the bacteria causing them not to be able to
proliferate (Pankey and Sabath, 2004). Inhibiting HIF-2a’s role in translation would
work in a similar fashion as a bacteriostatic antibiotic by inhibiting translation resulting
in no proliferation and eventually the cancerous cells would not be able to survive

without the building blocks of life.

Inhibitors and monoclonal antibodies to GFs and RTKs have been successful in the
treatment of certain cancers but eventually resistance occurs (Engleman an Settleman,
2008; Sergina and Moasser, 2007). By targeting HIF-2a, multiple RTKs and proteins
involved in tumor formation and progression would be targeted. The HIF-2a—eIF4E2
contact would be the ideal interaction to inhibit in the oxygen-regulated complex. RBM4

is involved in alternative splicing of pre-mRNA, translation and RNA silencing. It is
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ubiquitously expressed in cells with a stronger expression in certain tissues and cell types
(Markus and Morris, 2009). By inhibiting HIF-20—RBM4 it may affect the binding of
co-factor proteins to RBM4 during regular elF4E translation as well as inhibit its other
functions in noncancerous cells. There are currently many compounds that inhibit HIFa
activity that could be screened for an inhibitory effect on the translational activity of HIF-

2a allowing multiple hallmarks to be targeted at once.

4.7 Future directions

In ovarian carcinoma cell lines with a lack of HIF-2a, translation is decreased,
autonomous growth is impeded and tumor formation is reduced. HIF-2a has been
silenced in a number of carcinomas and decreased in vitro proliferation and in vivo
tumorigenesis (Franovic et al. 2009; Menrad et al., 2010; Stiehl et al., 2011). The next
step would involve producing stable cell lines with elF4E2 silencing to observe its effects
on tumorigenesis. In our most recent paper, silencing of elF4E2 was performed in
US7MG hindering its association with HIF-2a—RBM4 and downregulating global
hypoxic translation. It would be beneficial to expand the role elF4E2 beyond the
US7MG cell line. This is a current project in our lab and stable cell lines with eIF4E2

silencing are being produced.

Stable cell lines with eIF4E2 silencing have been generated in U87MG glioblastoma,
HCT116 colorectal and 7860 RCC. With the cell lines containing the eIF4E2 silencing, a

nude mice xenograft assay will be completed. In the xenograft assay with shelF4E2 we
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expect to see similar results to that of the shHIF-2a clones. Within the first to second
week post injection with the cells an initial mass forms. This mass is likely hypoxic since
we have previously shown in shHIF-2a initial masses there was a decrease of Ki67.
Therefore, no tumor formation should occur with shelF4E2 cells. Once it is determined
that no tumor formation occurs from elF4E2 silencing a search should begin to find

compounds that are able to inhibit the HIF-2a—eIF4E2 association.

This could be done with compounds currently known to inhibit HIF-2a to see if
oxygen-regulated translation is inhibited. These compounds could be added to the
various cell lines (US7MG, 7860, HCT116, OVCA429 and SKOV3) to find a compound
that inhibits the HIF-2a—elF4E2 association. The screen would involve culturing the
cells in hypoxia in the presence of the compounds. Lysate could then be collected and
immunoblot analysis can be done to see if there is a decrease in translational targets such
as EGFR and IGFIR. Cell proliferation and cell survival could also be tested by the
autonomous growth and terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay, respectively. Compounds that have an inhibitory effect could be moved
to the next level of experiments and be tested in mice. Mice would be injected
subcutaneously with the cancer cell lines. Once tumors are formed the compounds could
be fed to the mice to see if they are capable of inhibiting tumor growth. Tumors could be
excised and stained with Ki67 for proliferation and TUNEL for apoptosis to determine if
the compounds have an inhibitory effect on hypoxic translation. The targeting of HIF-2a
in the oxygen-mediated translational complex seems to be a promising cancer therapy

targeting many tumorigenic proteins. With the compounds having an inhibitory effect on
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tumor growth, clinical trials could be set up as the next stage of testing.

Another current project in the lab is looking into how there is a constitutive expression
of HIF-2a in cancer. We have found that there is a loss of DNA methyl transferase 3a
(DNMT3a) that is responsible for methylating and silencing EPASI, which may be an
initial stage in cancer cells. In RCC low grade tumor samples and overt carcinomas have
a loss of DNMT3a compared to its adjacent renal tissue leading to HIF-2a activation and
autonomous growth. The introduction of DNMT3a in RCC cell lines establishes the
same effect seen when HIF-2a is silenced. In renal epithelial cells silencing of DNMT3a
was able to upregulate HIF-2a and activate the TGF-o/EFGR pathway. This discovery is
now in the process of being expanded to see if DNMT3a silencing is an initial step in
multiple carcinomas and then to rescue tumor formation in xenografts by reintroducing

DNMT3a.

4.8 Conclusion

In OVA429 and SKOV3 ovarian carcinoma cell lines, here it has been shown that the
silencing of HIF-2a decreases in vitro proliferation and in vivo tumorigenesis. In the
absence of HIF-2a global translation is diminished as well as the RTK, IGFIR, which is
involved in cell proliferation and survival. HIF-20 is a component in the oxygen-
regulated translational initiation machinery and without it translation in hypoxia is
downregulated. Portions of tumors are hypoxic due to its vasculature not being able to

supply it with an efficient amount of oxygen. Ovarian carcinoma displays a hypoxic
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proteome since HIF-2a has a role in activating transcription and translation leading to
autonomous proliferation and tumorigenesis (Figure 16). HIF-2a has proven to be a
major player in the oncogenic progression of ovarian carcinoma and should be a focus for

targeted cancer therapy.
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6 Appendix A

SKOV3
Sh2.1  Sh2.1 Sh2.1  Sh2.2 Sh2.2 Sh22
P C1 #3 #4 P Cc2 #8 #4 P C3 #6 #12
%0, 21 1 21 1 21 1 21 1 211 2101 210 1 21 1 21 1 21 1 21 1 21 1

Figure 1. Ponceau S staining of SKOV3 immunoblots for HIF-1a. For HIF-1a
detection, SKOV3 cells where incubated in the hypoxia chamber for 4 hours and then

lysate was collected. Loading of the 4 hour lysate used to detect HIF-1a is shown by

Ponceau S staining.
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SKOV3
HIF-2o.f —

%0, 21 1
Figure 2. The presence of HIF-2a in normoxia in SKOV3 cells. HIF-2a is detectable

in normoxia by immunoblot analysis when the membrane is exposed for a longer period

of time shown here in parental SKOV3 cells.
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Figure 3. RTK array of SKOV3 cells. RTKs expression of shHIF-2a cells compared
to control cells. EGFR, HER2, HER3, insulin receptor (IR), IGF1R, Met and VEGFR3
all have a decrease in expression in the shHIF-2a cells compared to control cells.
Individual RTKs where then chose to be screened by immunoblot analysis in both

OVCA429 and SKOV3.
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Figure 4. Ki67 expression in OVCA429 and SKOV3 spheroids. A. and B.
Representive pictures of OVCA429 and SKOV3 at 60X. These pictures where counted

to determine the ratio of Ki67 positive cells to Hoechst positive cells.
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