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Abstract

Normal cellular energy metabolism is fundamentally altered in cancer cells to
facilitate rapid production of new cellular components, thereby enabling uncontrolled cell
growth. Specifically, cancer cells rely on glycolysis and alternative pathways such as lipid
and glutamine metabolism for energy, while diverting substrates away from oxidative
metabolism regardless of the prevalence of oxygen in the microenvironment. This
hallmark of cancer cells is referred to as the Warburg effect, the precise regulation of
which is poorly understood despite several decades of research. In comparing the global
gene expression profiles of ovarian cancer cells to those that overexpress Ets-1, we have
revealed that this transcription factor is involved, at least in part, to this cancer-associated
metabolic switch. To support the validity of these findings, we have shown that Ets-1
functionally regulates glycolytic dependence in ovarian and breast cancer cells, while
concomitantly displaying a decreased capacity for oxidative phosphorylation. Reactive
oxygen species are a normal byproduct of metabolism, and are produced excessively in
cancer cells leading to oxidative stress. Interestingly, our genomic pathway analyses
uncovered enrichments in antioxidant pathways associated with increased Ets-1
expression. Accordingly, we have also observed that Ets-1 regulates increased
intracellular glutathione levels, and induces the activity of key antioxidant enzymes under
oxidative stress. Sulfasalazine, an agent that restricts cystine uptake, was shown to be
effective for decreasing these high glutathione levels during oxidative stress. These

results are clinically relevant because high glutathione levels are associated with

il



therapeutic resistance in cancer cells. Collectively, the evidence presented has identified a
novel role for the transcription factor Ets-1 in the regulation of cancer energy metabolism,
as well as the response to oxidative stress. We have also described a mechanism for Ets-
I-mediated therapeutic resistance, suggesting that this transcription factor may be a

promising novel target to enhance conventional cancer therapies.
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Preface

This doctoral thesis is presented as a “sandwich” thesis, and is consists of four
manuscripts that were prepared for publication during the course of the author’s doctoral
work. Three manuscripts have been published (Chapters 2, 3 and 4), while one has been
submitted for publication (Chapters 5) at the time this thesis was prepared. Beginning
with a conceptual overview and comprehensive background information, each manuscript
is presented as a separate chapter that underscores a specific theme within the overall
context of the thesis, and includes a preface detailing each author’s contributions and
detailing the underlying context of the corresponding manuscript. In addition,
unpublished data that supports and strengthens the materials and objective of each study
may be included following the paper. Lastly, the final concluding chapter summarizes the
major findings of the thesis as a whole, and discusses future directions for the

continuation of the author’s research.

The figures presented within this thesis are denoted as the chapter number first,
followed by the figure number that corresponds to the appropriate manuscript (e.g. Figure
1 in Chapter 2 is presented at Figure 2.1). References present within the body of this
thesis are formatted using the style of the journal to which they were submitted and refer
only to the reference list within that manuscript. Literature cited within the body of the
thesis use the American Psychological Association (6™ edition) style, and appears in the
References section at the end of the dissertation. Appendices are included which describe

in detail common methodologies used in this research.
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Chapter 1: Introduction

Cancer Metabolism

One of the main hallmarks of cancer cell physiology is the ability to proliferate rapidly
despite poor access to nutrients and unfavourable microenvironment conditions. Cancer
cells achieve such high proliferative rates through genetic mutations and coordinated
alterations in metabolic pathways that ultimately favour survival and rapid growth (Figure
1). Though cancer-associated metabolic changes have been studied for nearly 90 years,
we still do not fully understand the complicated interactions between different metabolic
pathways, nor precisely how they are regulated in cancer cells. Additionally, reactive
oxygen species are major metabolic byproducts that are integral to signal transduction,
redox state balance, and cellular response to stress whose role in cancer are not fully
understood, further obscuring the overall picture of metabolic changes in cancer. The
staggering complexity of cancer cell metabolism renders this an extremely exciting area

for research, where the potential for novel therapeutic development is extensive.

Healthy Cellular Metabolism

The conversion of nutrients into useable cellular energy sources is a necessary function to
maintain cellular homeostasis. Energy-requiring processes such as gene transcription,
protein translation and turnover, deoxyribonucleic acid (DNA) repair, cytoskeletal

function, and numerous biochemical processes all depend on cellular metabolism for



maintenance. Arguably the most important source for cellular energy is glucose, which is

metabolized through glycolysis to pyruvate, which is further metabolized by the
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Figure 1.1: Overview of cancer metabolism.

Cancer cells display enhanced glycolytic flux while decreasing reliance on oxidative

phosphorylation for energy metabolism, a characteristic known as the Warburg effect. I



produced this diagram as resource material for Abcam Inc., UK, and have reproduced it

here with permission from the publisher via personal communication.

tricarboxylic acid (TCA) cycle during oxidative phosphorylation generating carbon
dioxide (CO;) and a high yield of 36 molecules of adenosine triphosphate (ATP). In
addition to ATP generation, glucose is also used for a variety of metabolic processes
including glycogen formation for glucose buffering, as well as nucleotide and
nicotinamide adenine dinucleotide phosphate (NADPH) synthesis via the pentose
phosphate pathway (PPP) (Herling, Konig, Bulik, & Holzhutter, 2011). When oxygen is
limited, anaerobic glycolysis occurs where the pyruvate generated from glucose is

converted into lactate, resulting in minimal ATP generation (2 mol ATP/mol glucose).

Fatty acids are another important energy source within the cell, yielding
significant amounts of ATP when metabolized efficiently. Triacylglycerides, which are
stored in intracellular lipid droplets, are converted to fatty acids and glycerol by lipase
enzymes in the cytosol. Free-fatty acids are then coupled with coenzyme A (CoA) to
generate acyl-CoA, and transported into the mitochondria via carnitine
palmitoyltransferase (CPT1) (Santos & Schulze, 2012). In the mitochondria, acyl-CoA
undergoes repeated oxidation and hydration reactions to eventually produce reduced
nicotinamide adenine dinucleotide (NADH), flavin adenine dinucleotide (hydroquinone

form) (FADH;), and acetyl-CoA in a process called f-oxidation (Santos & Schulze,



2012). Both NADH and FADH,; are used as electron donors in the electron transport
chain, whereas acetyl-CoA can enter the TCA cycle to become fully oxidized and

generate ATP.

In proliferating cells, growth signals stimulate a metabolic switch favouring
glycolysis, regardless of oxygen availability, in order to facilitate the generation of the
biocomponents necessary for making new cells(Vander Heiden, Cantley, & Thompson,
2009). This switch is at the expense of a low ATP yield, which is typically not of great
consequence as proliferating cells have ample access to nutrients from the blood stream,
and results in the creation and excretion of large amounts of lactate. In addition to
generating ample amounts of fatty acid precursors, intermediates for amino acid
synthesis, and ribose for the production of nucleotides, robust quantities of NADPH are
also generated. Large amounts of NADPH are necessary for nucleotide, amino acid, and
lipid biosynthesis, as well as cellular redox control, which are all important for
proliferating cells (Thompson, 2009). Growth signals from factors such as
phosphoinositide 3-kinase (PI3K) tightly regulate this form of metabolism in order to
control the rate of cell division and ensure that excessive nutrients are not taken from the
microenvironment (Vander Heiden et al., 2009). In most cancer cells, these growth
signals are overactive and often mutated resulting in the uncontrolled cell proliferation

that is key to cancer progression.



Metabolic Alterations in Cancer Cells

Cancer cells display a very similar metabolic profile to normal proliferating cells,
although they do not rely on growth signals to facilitate aerobic glycolysis and high rates
of proliferation. Nearly 90 years ago, Otto Warburg observed that cancer cells consume
large quantities of glucose while concomitantly excreting high amounts of lactate, even in
the presence of ample oxygen (Warburg, Wind, & Negelein, 1927). Termed the Warburg
Effect, the aerobic glycolysis displayed in cancer cells but not in normal cells was
assumed to be due to defective mitochondrial oxidative phosphorylation. However, in
recent years several key studies have definitively shown that most cancer cells have
completely functional mitochondria (Fantin, St-Pierre, & Leder, 2006; Moreno-Sanchez,
Rodriguez-Enriquez, Marin-Hernandez, & Saavedra, 2007; Zu & Guppy, 2004). It is now
evident that the Warburg Effect is associated with the activation of specific oncogenes,
the loss of tumour suppressor expression, and the mutation of key enzymes in an
elaborate gene expression network, the details of which have yet to be fully elucidated
(Cairns, Harris, & Mak, 2011; Koppenol, Bounds, & Dang, 2011; Levine & Puzio-Kuter,

2010; Vander Heiden et al., 2009).

Glucose Metabolism: Cancer-associated Enzyme Expression and Regulation

Glucose import into cells is mainly facilitated by five transmembrane glucose transporters

(GLUT), of which GLUT1 and GLUT3 are expressed ubiquitously, while GLUT2,



GLUT4, and GLUTS expression is tissue-specific (Lunt & Vander Heiden, 2011). Both
GLUT1 and GLUT3 are frequently overexpressed in a variety of cancer types (Au et al.,
1997; Binder, Binder, Marx, Schauer, & Hiddemann, 1997; Medina & Owen, 2002; T. A.
Smith, 1999; T. Suzuki et al., 1999; Yamamoto et al., 1990; Younes, Lechago, Somoano,
Mosharaf, & Lechago, 1996), and GLUT]1 in particular is associated with invasive,
metastatic tumours (Grover-McKay, Walsh, Seftor, Thomas, & Hendrix, 1998; Oliver et
al., 2004; Tateishi et al., 2006). Regulation of these transporters is mediated by hypoxia,
where acute hypoxia leads to increased transporter availability, and prolonged chronic
hypoxia leads to increased GLUT gene transcription facilitated by the binding of hypoxia-
inducible factor 1o (HIF-1a) to hypoxia response elements (HRE) within the gene
promoter (Behrooz & Ismail-Beigi, 1999; C. Chen, Pore, Behrooz, Ismail-Beigi, & Maity,

2001; J. Z. Zhang, Behrooz, & Ismail-Beigi, 1999).

Various studies have shown that nearly every enzyme in the glycolysis and
oxidative phosphorylation pathways has been altered in either expression, or regulation in
cancer cells (Zhao et al., 2011). For the sake of brevity, only the most prolific changes

will be reviewed in this thesis.

The glycolytic flux of cancer cells is predominantly controlled by the activity of
GLUT transporters, and the enzyme hexokinase (HK), which is also deregulated in cancer
cells. HK enzymes are responsible for the conversion of glucose to glucose-6-phosphate,
a reaction that traps glucose within the cell for further metabolic processing (Lunt &
Vander Heiden, 2011). The predominant isoform of HK expressed in normal tissues is

HK1, however, in cancer cells HK2 is the main isoform and is extremely overexpressed



(Mathupala, Ko, & Pedersen, 2006, 2009; Wolf et al., 2011). In a process mediated by
Akt signaling, HK?2 associates with the voltage-dependent anion channel (VDAC) on the
outer mitochondrial membrane in order to garner preferential access to mitochondrial-
generated ATP (Arora & Pedersen, 1988; Pastorino, Shulga, & Hoek, 2002). However,
the degree to which the HK2-VDAC association is coupled with ATP generated from
oxidative phosphorylation is unclear, especially considering the coupling has mainly been

investigated in vitro (Herling et al., 2011).

Pyruvate kinase (PK) is another glycolytic enzyme with a predominant isoform
expressed in cancer cells that is not commonly expressed in normal cells. There are four
main forms of PK in humans: M1, M2, L, and R (Zhao et al., 2011). PKMI1 is expressed
in normal tissues and is a highly active form of the enzyme that catalyzes the conversion
of phosphoenolpyruvate (PEP) to pyruvate as the final step of glycolysis. PKM2, which is
normally expressed during embryonic development, is expressed in proliferating cells and
particularly overexpressed in tumour cells (Christofk, Vander Heiden, Harris, et al., 2008;
Hacker, Steinberg, & Bannasch, 1998; Zhao et al., 2011). Unlike the other forms of PK,
PKM2 is regulated by tyrosine-phosphorylated protein growth signals that cause the
enzyme to breakdown from the active tetrameric form to the less active dimerized enzyme
(Christofk, Vander Heiden, Wu, Asara, & Cantley, 2008; Vander Heiden et al., 2009).
Since cancer cells display chronically active growth signaling, the low activity of PKM2
results in an accumulation of the upstream substrates in the glycolytic pathway, leading to
the shuttling of these substrates to synthetic pathways such as the PPP. An important

recent study by Christofk et al illustrates how important PKM2 is to the glycolytic shift in



cancer cells (Christofk, Vander Heiden, Harris, et al., 2008). In this report, a variety of
cancer cell lines depleted of PKM2 expression were observed to have decreased glucose
metabolism and proliferation, and these changes were rescued following PKM1 addition.
They also conducted animal studies where the tumourigenicity of lung cancer cells was
significantly decreased in PKM1-expressing tumours compared to mice expressing the
PKM2 isoform. The aforementioned studies suggest that PKM2 may be an excellent

target for therapeutic intervention.

Germline mutations to essential TCA cycle enzymes are common in several types
of cancer, particularly succinate dehydrogenase (SDH), fumarate hydratase (FH), and
isocitrate dehydrogenase (IDH) (Baysal et al., 2000; Bleeker et al., 2009; Parsons et al.,
2008; Pollard, Wortham, & Tomlinson, 2003; Reitman & Yan, 2010; Yan et al., 2009).
The inhibition of each of these enzymes leads to the stabilization of HIF-1, which in turn
leads to increased glucose utilization (Selak et al., 2005; Zhao et al., 2011). In many
human brain cancers, the mutant IDH enzyme gains the additional function of reducing a-
ketoglutarate (a-KG) to 2-hydroxyglutarate (2-HG), an oncometabolite that results in
increased carcinogenesis (Dang et al., 2009). The functional significance of 2-HG
production has yet to be clearly defined, however it has been theorized that high amounts

of 2-HG may cause hypoxic-like conditions within the cell (Herling et al., 2011).



Glutamine

Though glucose is arguably the most important nutrient for cancer cells, they are also
dependent on glutamine for progression and growth. Glutamine is a conditionally
essential amino acid that makes up a significant portion of the free fatty acid pool in
various tissues. It is referred to as conditionally essential because cells are able to
synthesize glutamine, however under conditions of rapid growth the demand for this
nutrient becomes too great for the synthetic capacity of the cell (DeBerardinis & Cheng,
2010). Glutamine metabolism, referred to as glutaminolysis, is important for energy
production, macromolecule synthesis, and redox balance in cancer cells, in addition to
being important to several signal transduction pathways (Daye & Wellen, 2012). The role
of glutamine in mitochondrial metabolism explains why cancer cells are addicted to this

amino acid as an energy source.

As described previously, the glucose utilization in cancer cells is focused to
glycolysis and biosynthetic pathways, largely bypassing oxidative pathways and
generating little ATP. Additionally, the acetyl-CoA generated from the TCA cycle is
predominantly used to fuel lipid synthesis, further leading to loss of TCA cycle
intermediates. Glutamine is imported into the mitochondria, converted to glutamate by the
enzyme glutaminase (GLS), and glutamate is subsequently converted to a-KG. In support
of this concept, upon glutamine withdrawal cancer cells begin to die, whereby cell
viability is returned following supplementation with o-KG and other TCA cycle

intermediates (Gao et al., 2009; Wise et al., 2008; Yuneva, Zamboni, Oefner,



Sachidanandam, & Lazebnik, 2007). Recently, it was discovered that glutamine-derived
a-KG also undergoes reductive carboxylation, where the TCA cycle reactions are
reversed to generate isocitrate, which is then converted to citrate and used to fuel lipid
synthesis (Metallo et al., 2012; Mullen et al., 2012; Wise et al., 2011). The utilization of
glutamine as a main energetic source in cancer cells is largely driven by the oncogenic
transcription factor c-Myc (Gao et al., 2009). Additionally, Myc-driven cancer cells are
also dependent on glutamine intake for glutathione synthesis instead of glucose-derived
carbon from glycolysis, highlighting the importance of glutamine in redox balance in

cancer cells (Daye & Wellen, 2012).

Role of Mitochondria in Cancer

As the mitochondria are the central organelles involved in cellular metabolism, their role
in tumourigenesis is predominantly centered on the Warburg effect and other alterations
in metabolism. However, with recent advances in genomics and proteomics it is evident
that the importance of mitochondria in cancer extends to the mitochondrial genome and
proteome, and their crosstalk with the nucleus (Figure 2). The following sections
discussing mitochondrial genomics and proteomics are excerpts from my review paper
entitled “Mitochondria and Cancer: Past, Present, and Future” published in BioMed

Research International January 2013 (Verschoor et al., 2013).
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Genomics of mitochondrial DNA: mutations and polymorphisms

The mitochondrial genome is unique from that of the nucleus, containing 16,569 base
pairs and organized in a double stranded circular structure (Anderson et al., 1981). The
circular mitochondrial DNA (mtDNA) encodes 37 genes including several components of
the electron transport chain (ETC), transfer ribonucleic acids (tRNA), and ribosomal
RNAs (rRNA). Additionally, mtDNA contains a non-coding region comprised of three
hypervariable regions and a displacement (D) loop, which is the location of the origin of
replication and transcriptional promoters. Mutations in mtDNA are frequently observed in
cancer, likely due to the lack of introns, lack of histone protection, and close proximity to

damaging reactive oxygen species (ROS).

Each cell contains multiple copies of mitochondrial genes, giving rise to
mitochondrial homoplasmy, where all the mitochondria of a cell have the same genomic
composition, or heteroplasmy, where wild-type and mutant mtDNA coexist (Chatterjee,
Dasgupta, & Sidransky, 2011). Thus is it possible for a mutation that confers a distinct
advantage for cancer cells, such as accelerated growth or enhanced survival, to be
clonally expanded to become a homoplasmic mutant and to predominate within a
population of cancer cells. Alternatively, Coller and colleagues (Coller et al., 2001) used a
mathematical model to show that random segregation of mitochondrial genomes during
rapid tumour development could result in a mutant homoplasmic population without the

need for a selective advantage. Regardless of the existence of background homoplasmic

11



Beey
- -

3
"I

eeees

)

\L

sisoydody

sasejeydsoyd

jouisoA)

wsljogelaw 8soon|9
8Pko 19D
uonelayjold
pmoin
[BAIAING

I

D B
‘\;ﬁm\\

sAemyjed Buie

12



Figure 1.2: Overview of the role of mitochondrial alterations in cancer.

Mutations in the mitochondria cause by exogenous sources of ROS lead to mitochondrial
dysfunction and ROS production. Various signaling pathways are induced by ROS
ultimately resulting in cancer development. I produced this diagram as resource material
for Abcam Inc., UK, and have reproduced it here with permission from the publisher via

personal communication.

mutations that confer no functional consequence, there are numerous mtDNA mutations
that result in significant alterations in mitochondrial function that affect tumour

development and progression.

Recent advances in high-throughput technologies, such as next-gen sequencing
and Mitochip (Maitra et al., 2004), have allowed for the rapid and accurate detection of
mtDNA mutations, polymorphisms or copy number variations in a variety of tissues and
bodily fluids (Castle et al., 2010; Dasgupta et al., 2010; Fendt et al., 2011; Fliss et al.,
2000; Hosgood et al., 2010; Nomoto, Yamashita, Koshikawa, Nakao, & Sidransky, 2002).
In certain cancer tissues mtDNA mutations were more readily detectable and abundant
than mutated nuclear p53 DNA, suggesting that mtDNA mutations could serve as

excellent cancer biomarkers, particularly for early detection (Chatterjee et al., 2011).

The most commonly mutated or deleted region of mtDNA in cancer is within the
D loop at the D310 tract, a mononucleotide cytidine repeat at position 310 (Sanchez-

Cespedes et al., 2001). The D loop is involved in mitochondrial replication, thus
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mutations in this region could also affect mtDNA copy number, though this theory has yet
to be proven empirically. In one study, colorectal cancer patients with D loop mutations
were found to have significantly lower overall survival rates and increased
chemotherapeutic resistance compared to patients who’s mtDNA did not harbour such
mutations (Lievre et al., 2005). The high frequency of D loop deletion or insertion
somatic mutations in cancer render these mutations unlikely to confer any functional
impairment to mitochondria, and so the uncertain functional consequences of these

mutations should remain an important area for mitochondrial research in cancer.

The importance of mitochondrial polymorphisms in cancer development and risk
is intimately related to evolutionary haplogroups, and has recently been a contentious area
of research. Haplogroups are characterized by a specific mutation that occurs widely
within individuals of a particular population, and are further divided into haplotypes
generally based on restriction fragment length polymorphisms (Singh & Kulawiec, 2009).
Among the main European haplotypes, the A12308G mutation in tRNA™"> common to
haplotype U was associated with increased risk of both renal and prostate cancers (Booker
et al., 2006). The NADH-ubiquinone oxioreductase chain 3 (ND3) substitution mutation
at G10398A has been associated with increased breast cancer risk in both African
American and Indian women (Canter, Kallianpur, Parl, & Millikan, 2005; Darvishi,
Sharma, Bhat, Rai, & Bamezai, 2007; Kulawiec, Owens, & Singh, 2009; Mims et al.,
2006; Setiawan et al., 2008). In European-American women the A10398G ND3
substitution conferred increased risk of breast cancer, as did the T16519C D loop

polymorphism (Bai, Leal, Covarrubias, Liu, & Wong, 2007). A comprehensive study of
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pancreatic cancer risk revealed associations with the A331T substitution in mitochondrial

ND2 (Lam et al., 2012).

Despite these promising findings, because the majority of mtDNA polymorphisms
are functionally inconsequential, associations with specific polymorphisms and cancer
risk have been subject to heated debate. Several older studies involving association of
specific polymorphisms with cancer risk have been heavily scrutinized due to erroneous
experimental design, interpretation, and poor data quality (Chatterjee et al., 2011).
However, due to the potential usefulness of somatic mtDNA mutational profiling as a
diagnostic tool, the study of mitochondrial somatic mutations and associations with
cancer should remain an important focus of cancer biomarker research pending proper

study design, population stratification, and independent replication of results.

Mitochondrial proteomics

The majority of mitochondrial proteins are encoded by the nuclear genome and imported
to the mitochondria to perform their specific functions. Thus the mitochondrial proteome
is the result of complex crosstalk between both nuclear and mitochondrial programs, and
is greatly influenced by pathological conditions including cancer. In the past decade, the
mitochondrial proteome has been characterized from highly purified mitochondria
resulting in a comprehensive list of over 1,000 mitochondrial proteins (as reviewed in

(Bottoni, Giardina, Pontoglio, Scara, & Scatena, 2012)).
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Using the wealth of knowledge from such studies, numerous databases have been
created such as Mitolnteractome (Reja et al., 2009), MitoP2 (Elstner, Andreoli,
Klopstock, Meitinger, & Prokisch, 2009), HMPDb, and MitoMiner (A. C. Smith,
Blackshaw, & Robinson, 2012). The MitoInteractome database contains 6,549 protein
sequences derived from multiple databases (SwissProt, MitoP, MitoProteome, HPRD,
GO) from several different species creating a comprehensive protein-protein interaction
network. Certainly one of the most extensive databases, MitoP2 contains data from a wide
breadth of mitochondrial proteomic studies spanning from single protein studies to
extensive proteome-wide mapping and expression studies. The HMPDb (Human
Mitochondrial Protein Database) provides consolidated information on mitochondrial
DNA sequences, polymorphisms, disease-related proteins, and 3-D mitochondrial protein
structures. Collectively these databases serve as wonderful utilities for the discovery and
characterization of novel mitochondrial biomarkers for diagnosis and molecular targets

for drug treatments.

Extensive protein expression differences have been found in mitochondrial
glycolytic enzymes, heat-shock proteins, cytoskeleton proteins, and antioxidant enzymes
through comparative proteomic analysis. In regards to metabolism, proteins of the
glycolytic and pentose phosphate pathways tend to be induced, along with reductions in
oxidative phosphorylation pathways (Bottoni et al., 2012; Scatena, 2012). Recently, Chen
et al. (2011) performed 2D-DIGE and MALDI-TOF mass spectrometry to compare the
proteomic profile of purified mitochondria from normal breast cells (MCF10A), non-

invasive breast cancer cells (MCF7), and invasive breast cancer cells (MDA-MB-231) (Y.
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W. Chen et al., 2011). The most differentially expressed mitochondrial proteins between
normal and cancerous cells included cytochrome oxidase subunit 5B, malate
dehydrogenase, and elongation factor Tu. Several proteomic studies have shown a
significant correlation between high levels of heat-shock protein 70 (HSP-70) in a variety
of cancers including gastric adenocarcinoma, hepatocarcinoma, and esophageal cancer
(Bottoni et al., 2012). HSP-70 functions as a mediator of cell proliferation, cellular
senescence, and cellular immortalization, and when concentrated in to cytoplasm
sequesters pS3 and activates Ras-Raf signaling which controls cell proliferation (Wadhwa

et al., 2002; Wadhwa, Yaguchi, Hasan, Taira, & Kaul, 2003).

Oxidative Stress in Cancer

Oxidative stress refers to an imbalance in the production of ROS and the system’s ability
to detoxify these reactive intermediates and repair the resulting damage they cause. ROS
are capable of damaging all cellular components, including nucleic acids, proteins, and
lipids, leading to cell death when present at high levels (Poli, Leonarduzzi, Biasi, &
Chiarpotto, 2004). However, ROS have many beneficial roles including involvement in
the defense against pathogen infection, mitogenic response, cellular stress response, and
are integral to several signaling pathways. In the context of cancer, oxidative damage to
nucleic acids is recognized as a first step in the mutagenesis that initiates carcinogenesis

(Valko, Rhodes, Moncol, Izakovic, & Mazur, 2006).
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ROS can be produced through exogenous means, including exposure to UV light,
X-rays, or radiation, and atmospheric pollutants. Endogenous ROS production occurs
through metal-catalyzed reactions, from immune cells during inflammation, and from
normal metabolism (Gupta-Elera, Garrett, Robison, & O'Neill, 2012; Valko et al., 2006).
The predominant ROS in cancer cells is hydrogen peroxide (H,O,) generated by the
mitochondria as a necessary byproduct of oxidative phosphorylation (Hyoudou et al.,
2009; Petit et al., 2009; Szatrowski & Nathan, 1991). The mechanisms associated with
mitochondrial-generated ROS in cancer will be discussed in great detail in Chapter 4.
Thus a review of the role of cellular antioxidant systems in cancer, the other side of the

oxidative stress axis, will be discussed further here.

Major Cellular Antioxidant Systems

Due to the diverse, important and sometimes deleterious effects of ROS, cells must have
an effective means of detoxifying these molecules. Antioxidants are factors that inhibit
the oxidation of other molecules, and therefore are capable of reducing oxidative damage
caused by ROS. Exogenous antioxidants such as carotenoids, tocopherols, and ascorbic
acid are consumed in the diet, whereas endogenous antioxidant enzymes include thiols,
superoxide dismutase (SOD), glutathione peroxidase (GPX), and catalase (Crawford et
al., 2012). This interacting network of antioxidants protect cells against oxidative stress

by converting the superoxide (SO) produced form oxidative metabolism to H,O, then
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further reducing H,O; into water. SOD enzymes perform the first step in this antioxidant

cascade, whereas catalase and peroxidases are responsible for H>O, reduction.

SOD enzymes are a family of three mammalian members, including CuZn-SOD
(SOD1) present in the cytoplasm, Mn-SOD (SOD2) found exclusively in the
mitochondria, and EC-SOD (SOD?3) found in extracellular spaces (Zelko, Mariani, &
Folz, 2002). It is likely that the mitochondrial SOD2 is the most important to normal
physiology, as mice that lack this enzyme develop severe neuropathy and die shortly after
birth (Melov et al., 1998). In contrast, mice deficient in cytoplasmic SOD1 develop
normally with only a vulnerability to neuron loss following injury (Reaume et al., 1996).
Catalases also require metal cofactors in the form of either iron or manganese, and are
localized to peroxisomes within the cell (del Rio, Sandalio, Palma, Bueno, & Corpas,
1992). Though catalases specifically reduce H,O,, thereby rendering these enzymes
essential for H,O, detoxification, humans with acatalasemia that lack catalase in the
blood and other tissues are often asymptomatic, or merely suffer ulceration of oral issues

(Ogata, 1991).

Peroxiredoxins are a family of antioxidant enzymes responsible for the
detoxification of H,O, produced from cytokine induction (Rhee, Chae, & Kim, 2005).
There are six mammalian peroxidase enzymes (PRX1-6), all of which contain a
conserved cysteine that is oxidized during H,O, reduction. Peroxiredoxins are relatively
abundant in mammalian cells, though PRX1 and PRX2 seem to be the most important
physiologically as evidenced by in vivo knockout studies (Muller, Lustgarten, Jang,

Richardson, & Van Remmen, 2007; Neumann et al., 2003; Rhee, Kang, et al., 2005).
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Involved in antioxidant defense and redox signaling, thioredoxin and thioredoxin
reductase are ubiquitous enzymes necessary for mammalian physiology (Nordberg &
Arner, 2001). Not unlike the peroxiredoxins, thioredoxin is dependent on two cysteine
residues in order to reduce other substrates, while thioredoxin reductase maintains the
reduced state of thioredoxin in an NADPH-dependent reaction (Mustacich & Powis,
2000; Nordberg & Arner, 2001). Transgenic mice that overexpress thioredoxin are
significantly more resistant to oxidative stress and display a longer life span than normal
mice, illustrating the importance of this system in redox regulation (Yoshida, Nakamura,

Masutani, & Yodoi, 2005).

The glutathione antioxidant system is critically important to a variety of cellular
processes, mostly notably cellular redox status regulation, and consists of selenium-
dependent GPX, glutathione reductase (GR), and selenium-independent glutathione S-
transferase (GST) enzymes (Ballatori et al., 2009). Cellular glutathione levels are
dependent on cysteine availability (Figure 3), and the redox status of glutathione serves as
an indicator of oxidative stress. Reduced glutathione (GSH) is oxidized to glutathione
disulfide (GSSG) through the action of GPX enzymes, which catalyze the reduction of
H,O; to water, and then returns to a reduced state via GR in an NADPH-dependent
reaction. GST enzymes are responsible for the conjugation of compounds with
electrophilic centers to GSH (Oakley, 2011). Under normal conditions, nearly all of the
total intracellular glutathione pool is in the form of GSH, thus an increase in the ratio of

GSH/GSSG is indicative of oxidative stress. In addition to being the predominant cellular
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antioxidant, glutathione also plays a role in the nitric oxide cycle (Chiueh & Rauhala,

1999), and iron metabolism (Kumar et al., 2011).

GLUTAMATE METHIONINE
/ A

HOMOCYSTEINE

CBS
CYSTINE -
CYSTATHIONINE
CTGL
CYSTEINE
SX. 4 Transsulfuration
pathway GLUTATHIONE pathway

Figure 1.3: Major sources of cysteine for glutathione synthesis.

The availability of intracellular cysteine is the rate-limiting step for glutathione synthesis.
Cysteine levels are determined mainly by the activities of the transsulfuration pathway

and the membrane antiporter Sx., as detailed in this diagram.
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Enzymatic Antioxidant Alterations in Cancer Cells

The expression and activity of most antioxidant enzymes are altered in at least one form
of cancer, and several cancer-specific single nucleotide polymorphisms (SNPs) have been
identified in antioxidant enzymes (Crawford et al., 2012). However, the impacts of these
changes are not well understood. Interestingly, decreases in antioxidant enzymes leads to
increased mutagenesis and cancer initiation, and increase proliferation in later stages of
cancer, however, increased antioxidant levels leads to improved survival in cancer cells.
Thus, the role and consequence of antioxidant expression and activity in cancer is highly
context-dependent, and most likely varies for different cancer types as well. SOD2 is a
very effective anti-tumour agent, and the overexpression of this antioxidant leads to
decreased tumour growth (Behrend, Henderson, & Zwacka, 2003). However, high levels
of SOD2 are also associated with poor prognosis and invasive tumours, likely due to the
observation that SOD2 leads to matrix metalloproteinase (MMP) activation (Y. Jiang,
Goldberg, & Shi, 2002). The role of GPX enzymes in cancer development is equally
blurry, where many cancers display decreased GPX levels that lead to increased tumour
growth (Cullen, Mitros, & Oberley, 2003; Gladyshev, Factor, Housseau, & Hatfield,
1998). However, the overexpression of GPX1 has been found to improve cancer cell
survival, and even increase the growth of some cancer cell lines (Kim et al., 2009; J. Liu
et al., 2004; Lu et al., 1997). Clearly, the specific roles of antioxidant enzymes in cancer
development and progression are dependent on the overall redox state of the tumour cell

and the consequences of the resulting stress responses.
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The master regulator of cellular redox state is arguably the transcription factor
nuclear factor (erythroid-derived)-like-2 (Nrf2), which initiates the antioxidant response
pathway primarily responsible for cellular defense against oxidative stress. Normally
sequestered in the cytoplasm and degraded by Kelch-like ECH-associated protein 1
(Keap1) ubiquination, under oxidative stress Nrf2 is stabilized and translocates to the
nucleus to alter target gene transcription (Itoh et al., 1999). Nrf2 prominently regulates
the expression of antioxidant enzymes, but is also involved in the regulation of NADPH
levels, heat-shock proteins, and growth factors (Hayes & McMahon, 2009). The
expression of Nrf2 is notably increased in cancers, and mutations that cause permanent
stabilization of this factor are frequent in lung, head and neck, and gall bladder cancers
(Hayes & McMahon, 2009). A recent landmark study found that Nrf2 was regulated by
the oncogenes K-Ras, Braf, and c-Myc in pancreatic cancer, leading to altered ROS levels
during early cancer development (DeNicola et al., 2011). Additionally, this study also
showed that early-stage tumours deficient in Nrf2 displayed increased ROS levels and
decreased growth rates, an effect that was abrogated by antioxidant treatment. Therefore,
the oxidative stress response is active during early tumour development, and resulting

tumourigenesis is potentially coupled with Nrf2 stabilization.

The Ets-1 Transcription Factor

Structure and Function of Ets-1
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Ets-1 is a member of the ETS family of transcription factors, and was first characterized
as a proto-oncogene of the retroviral v-ets oncogene in avian leukaemia retrovirus E26
(Leprince et al., 1983). This family of transcription factors is currently comprised of 28
members, many of which are known to be elevated in various cancers (T. Oikawa &
Yamada, 2003; Seth & Watson, 2005) including Ets-2 (Baldus et al., 2004; Foos, Garcia-
Ramirez, Galang, & Hauser, 1998; Foos & Hauser, 2000; Santoro et al., 1992; Sapi,
Flick, Rodov, & Kacinski, 1998; Sementchenko, Schweinfest, Papas, & Watson, 1998),
friend leukemia virus integration 1 (Flil) (Poppe et al., 2004), v-ets erythroblastosis virus
E26 oncogene homolog (ERG) (Baldus et al., 2004), polyomavirus enhancer activator-3
(PEA3) (Kurpios, Sabolic, Shepherd, Fidalgo, & Hassell, 2003; Shepherd, Kockeritz,
Szrajber, Muller, & Hassell, 2001), ETS-related molecule (ERM) (Kurpios et al., 2003),
pointed domain containing ETS transcription factor (PDEF) (Ghadersohi & Sood, 2001),

and E74-like factor 3 (EIf-3) (Kurpios et al., 2003).

All known ETS family members contain a core double-stranded DNA binding
element that recognizes the consensus sequence GGAA/T (Dittmer, 2003; Graves &
Petersen, 1998). DNA binding facilitates their function as either transcription factors or as
regulatory proteins that control the initiation of target gene transcription (Dittmer, 2003;
Graves & Petersen, 1998). The ETS binding site (EBS) is a winged helix-turn-helix
(WHTH) fold that binds target DNA as a monomer (Seth & Watson, 2005; Verger &
Duterque-Coquillaud, 2002). The ETS domain itself contains 85 amino acids, including
three a-helix wHTH regions and a four-stranded B-sheet, where the recognition site of the

a-3 helix makes groove contacts with the two guanines in the EBS (Seth & Watson, 2005;
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Verger & Duterque-Coquillaud, 2002). Additionally, a smaller pointed domain (PNT)
containing 65-85 amino acids can impact the function of protein-protein interactions and
oligomerisation in certain ETS family members, including Ets-1 (Seth & Watson, 2005).
Ets-1 and Ets-2 contain an activation domain before the PNT, and auto-inhibitory
domains flanking the ETS domain (T. Oikawa & Yamada, 2003). The auto-inhibitory
domains ensure correct ETS binding, as the core EBS is highly conserved and generic the
binding of correct ETS family members and binding partners cover these domains

allowing for DNA binding and thus transcriptional activation (Seth & Watson, 2005).

Regulation of Ets-1 Expression

ETS domain activation may also be controlled by post-transcriptional modifications or
protein-protein interactions. For example, Ets-1 binding activity is enhanced following
acetylation through specific signaling pathways such as Ets-1 acetylation by transforming
growth factor B (TGF-p) signaling (Czuwara-Ladykowska, Sementchenko, Watson, &
Trojanowska, 2002). Although not confirmed, sumoylation could also affect Ets-1
binding activity as Ets-1 interacts with the sumoylation factor ubiquitin conjugating
enzyme 9 (UBC9) (Seth & Watson, 2005). However, the most significant effectors of Ets-
1 activity are the interaction between other proteins, especially other transcription factors.
Transcription factor binding adjacent to EBS sites typically results in increased
binding affinity, and synergistic activation or repression of gene targets (Seth & Watson,

2005). Physical interaction between the activator protein 1 (AP-1) subunits Jun and Fos,

25



and ETS proteins has been studied well, whereby tyrosine residues in the a-3 helix (Y395
in Ets-1) interact directly with the N-terminal basic domain of Jun (Dittmer, 2003; Verger
& Duterque-Coquillaud, 2002; Wood, Irvin, Nucifora, Luce, & Hiebert, 2003). Specific
targets of AP-1/EBS interaction include MMP-1, urokinase plasminogen activator (uPA),
granulocyte macrophage colony-stimulating factor (GM-CSF), maspin, and tissue
inhibitor of metalloproteinases 1 (TIMP-1), each important genes in the context of cancer
(Seth & Watson, 2005).

In invasive breast cancer cells, Ets-1 and Ets-2 activation of parathyroid hormone-
related protein (PTHrP), which promotes survival, metastasis and proliferation, can be
initiated by protein kinase C (PKC) phosphorylation (Lindemann, Braig, Ballschmieter, et
al., 2003; Lindemann, Braig, Hauser, Nordheim, & Dittmer, 2003). While mitogen-
activated protein kinase (MAPK), which is involved in proliferation, survival and
differentiation in cancer, can bind near the PNT domain of Ets-1 to increase
transcriptional activity (Seth & Watson, 2005). Nuclear receptor co-repressor (N-CoR)
interacts with Ets-1 in breast cancer and is a positive prognostic indicator, where
decreased N-CoR is associated with increased malignancy and decreased hormone
responsiveness (Girault et al., 2003). Additionally, the expression of Ets-1 was associated
with reduced disease-free survival further suggesting an important role for Ets-1 in the

progression and therapeutic resistance in cancer, particularly breast cancer.

Ets-1 Overexpression in Cancer
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Ets-1 overexpression appears to correlate specifically with more advanced, invasive
tumours in breast and ovarian carcinomas (Buggy et al., 2004; Davidson, Reich, et al.,
2001; Davidson, Risberg, et al., 2001; Fujimoto et al., 2004; Katayama, Nakayama, Ito,
Naito, & Sekine, 2005; Span et al., 2002). Increasing evidence indicates that a correlation
between Ets-1 expression and tumour progression is a general phenomenon as observed
in prostate, gastric, lymphoma, oral and thyroid cancers, as well as in melanoma and
meningioma. Moreover, Ets-1 itself is thought to be involved in oncogenesis due to its
ability to transform NIH3T3 cells, and to promote the transformed phenotype of a human
epithelial tumour cell line (HeLa cells)(Hahne et al., 2005; Seth & Papas, 1990). In the
latter study, HeLa cells with increased Ets-1 expression were characterized by enhanced

migration, invasion, and anchorage-independent growth (Hahne et al., 2005).

The link between Ets-1 and cancer can further be explained by the increasing list
of known target genes regulated by this transcription factor. Several MMP genes, uPA,
and integrin $3, which are known mediators of extracellular matrix degradation and cell
migration, are all targets for Ets-1 (Lefter et al., 2009; Okuducu, Zils, Michaelis,
Michaelides, & von Deimling, 2006; Park, Jung, Ahn, & Im, 2008; Rothhammer et al.,
2004). The normal expression of Ets-1 in lymphoid and vascular tissues as well as data
obtained from a targeted Ets-1 knockout, suggest that target genes may be generally
grouped in two functional groups, lymphoid cell development and angiogenesis (Bories et
al., 1995; Naito et al., 1998). There is a growing list of lymphoid tissue-related gene
products regulated by Ets-1 which include T cell receptors, cytokines, and cytokine

receptors (Aringer et al., 2003; Sementchenko & Watson, 2000). Thus it is apparent that
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the products of several Ets-1-regulated genes are generally involved in the degradation of
the extracellular matrix, the promotion of migration, and angiogenesis, thus suggesting
key roles in mediating tumour progression (Lefter et al., 2009; Okuducu et al., 2006; Park

et al., 2008; Rothhammer et al., 2004; Sementchenko & Watson, 2000).

Ets-1 is widely expressed by tumour cells, endothelial cells, and tumour-
associated fibroblasts where it contributes predominantly to tumour angiogenesis and
cancer cell invasion (Adam, Schmidt, Wardelmann, Wernert, & Albers, 2003; Behrens et
al., 2003; Behrens, Rothe, Wellmann, Krischler, & Wernert, 2001; Bolon et al., 1995;
Fujimoto et al., 2004; Hahne et al., 2006; Hahne et al., 2005; Hahne et al., 2008; Khatun,
Fujimoto, Toyoki, & Tamaya, 2003; Lefter et al., 2009; Nakada, Yamashita, Okada, &
Sato, 1999; Okuducu et al., 2006; Park et al., 2008; Rothhammer et al., 2004; Sahin et al.,
2005; Sahin et al., 2009; Sakaguchi et al., 2004; Shimizu et al., 2004; Watabe et al., 1998;
Wernert et al., 1999; Yasuda et al., 1999; Zhan et al., 2005). Metastasis remains one of
the most pathologically important processes in cancer, and involves the stromal
compartment surrounding the tumour containing fibroblasts, endothelial cells, immune
cells and infiltrating blood cells, which contribute significantly to tumour progression
(Bissell, Radisky, Rizki, Weaver, & Petersen, 2002; Holliday, Brouilette, Markert,
Gordon, & Jones, 2009; Seth & Watson, 2005). The primary processes involved in the
development of metastatic potential are growth via angiogenesis, invasion via proteolytic
extracellular matrix (ECM) breakdown, cytoskeleton remodeling, and alterations in cell
adhesion. As the tumour stromal compartment is responsible for the production and

remodeling of ECM components, interactions between cancer cells and surrounding
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stromal cells are necessary to achieve new blood vessel growth, and the acquisition of
metastatic potential (Seth & Watson, 2005). ETS transcription factors are increasingly
associated with such interactions between tumour and stromal cells, particularly in the
context of ECM remodeling. Numerous ETS proteins are aberrantly expressed in both
tumour and stromal cells resulting in the overexpression of tumour-promoting factors
such as MMP-1, MMP-3, MMP-9, urokinase plasminogen activator (PLAU/uPA),
vascular endothelial growth factor (VEGF), and endothelium-specific tyrosine kinase 2
(Tie2) (Behrens et al., 2003; Behrens et al., 2001; Bolon et al., 1995; Hahne et al., 2006;
Nakada et al., 1999; Oda, Abe, & Sato, 1999; Park et al., 2008; Sementchenko & Watson,

2000; Seth & Watson, 2005; Watabe et al., 1998).

Hypothesis and Objectives

The central hypothesis of this project is stated as:

“Increased expression of Ets-1 mediated by oxidative stress in ovarian cancer
causes an alteration in metabolic gene expression pathways. Specifically, Ets-1
is involved in the regulation of glycolysis, oxidative phosphorylation, and

antioxidant defenses in ovarian cancer cells.”

The major objectives formulated to test the above stated hypothesis are:

1) Examine the role of Ets-1 in the regulation of mitochondrial metabolism in an

ovarian cancer cell model.
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2) Generate a global gene expression profile of Ets-1 overexpression in an ovarian
cancer cell model to further clarify the role of this factor in cancer metabolism and
the response to oxidative stress.

3) Investigate the impact of Ets-1 on the glutathione antioxidant system, and evaluate
the effectiveness of glutathione-depleting agents in the Ets-1 overexpression

model.

Manuscript Plan

To facilitate a better understanding of how the papers are organized in this thesis, the

following is a list of the titles of each manuscript and a brief description of their contents.

* Chapter 2: Ets-1 regulates energy metabolism in cancer cells. In this study, the
role of the transcription factor Ets-1 in the regulation of mitochondrial function
and metabolism was investigated. Microarray analysis shows that Ets-1 up-
regulates key enzymes involved in glycolysis, fatty acid metabolism, and
antioxidant defense, while downregulating genes involved in oxidative
metabolism. At the functional level, Ets-1 overexpression confers glycolytic
dependence and decreased reliance on oxidative phosphorylation, suggesting the

important of Ets-1 regulation in the Warburg effect.

* Chapter 3: Ets-1 global gene expression profile reveals associations with

metabolism and oxidative stress in ovarian and breast cancers. In this study,
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functional interaction and enrichment analyses on microarray data were performed
to clarify the role of Ets-1 in an ovarian cancer model, and these results were
validated with preliminary functional assays. Enrichments in oxidoreductase
activity and various metabolic pathways were observed upon integration of the
different bioinformatics analyses. Functionally, Ets-1 overexpression resulted in
an altered cellular redox balance with low ROS levels, and high antioxidant
capacity. The importance of Ets-1 in metabolism was extended to a knockdown
breast cancer model, where decreased glycolytic dependence and increased

oxygen consumption were observed confirming the findings from Chapter 2.

Chapter 4: Mechanisms associated with mitochondrial-generated reactive
oxygen species in cancer. Invited review paper discussing mitochondrial-
generated ROS in cancer and their role as signaling molecules. ROS are a major
byproduct of metabolism, which is fundamentally altered in cancer cells, thus the
role of ROS in cancer physiology is of paramount importance. This review details
how mitochondria produce ROS, mitochondria-to-nucleus crosstalk, and how
ROS activates several important signaling pathways involved in proliferation,

survival and apoptosis.

Chapter 5: Ets-1 regulates intracellular glutathione levels: Novel target for
resistant ovarian cancer. In this paper, a role for proto-oncogene Ets-1 in the
regulation of glutathione levels was identified, and the effects of the anti-
inflammatory drug sulfasalazine on glutathione depletion was investigated.

Overexpression of Ets-1 was associated with decreased intracellular ROS,
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concomitantly with an increased glutathione antioxidant system in the ovarian
cancer cell model. The findings from this study show that Ets-1 mediates
enhanced cystine import to increase glutathione levels under oxidative stress,
suggesting that Ets-1 could be a promising putative target to enhance conventional

therapeutic strategies.
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Chapter 2: Ets-1 regulates energy metabolism in ovarian cancer

In this chapter, an author-generated version of the manuscript entitled “Ets-1 regulates
energy metabolism in cancer cells”, published in PLOS ONE in October 2010. The paper

is reproduced with permission from the Public Library of Science (PLOS), as stated on

the copyright agreement form:

Under this license, authors retain ownership of the copyright for their
content, but allow anyone to download, reuse, reprint, modify, distribute,
and/or copy the content as long as the original authors and source are
cited. No permission is required from the authors or the publishers.
Appropriate attribution can be provided by simply citing the original
article (Verschoor ML, et al. (2010) Ets-1 Regulates Energy Metabolism in
Cancer Cells. PLoS ONE 5(10): el13565. doi:10.1371/
journal.pone.0013565).

For this paper, I performed the cell culture, RNA isolations, microarray, real-time
gRT-PCR, and Western blotting analyses. Furthermore, I created all of the figures, and
both wrote and revised the manuscript. Dr. Leigh Wilson completed the glycolytic
dependency and oxygen consumption assays, the cell culture required for the
aforementioned assays, and aided in the interpretation of the experimental results. The
statistical analyses of the microarray experiment were performed in collaboration with Dr.
Chris Verschoor. Dr. Gurmit Singh provided intellectual direction and revised the

manuscript.
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Context and background information

It is well established that Ets-1 plays a key role in cancer progression and metastasis,
however little is known about the importance of this transcription factor in the context of
cancer metabolism. The foundation for my project was based on the work of Dr. Leigh
Wilson, a former Ph.D. student in the Dr. Gurmit Singh laboratory, whose research
investigated the role of Ets-1 in crosstalk between the mitochondria and nucleus in
ovarian cancer cells. Her first metabolically relevant observations regarding Ets-1 were
found in a preliminary microarray experiment where several genes related to various
metabolic processes were increased in response to Ets-1 overexpression (Wilson,
Yamamoto, & Singh, 2004). In addition, Dr. Wilson also showed that Ets-1 is
transcriptionally upregulated by H,O, via Nrf2 direct binding, in an ovarian cancer cell
model, suggesting that oxidative stress regulates Ets-1 levels in ovarian cancer (Wilson,
Gemin, Espiritu, & Singh, 2005). These observations are relevant as oxidative stress is an
initiating factor for mitochondrial mutations that likely cause the characteristic metabolic

alterations in cancer cells, as well as a major byproduct of metabolism.

To further clarify these observations I performed a more comprehensive whole
genome microarray experiment comparing the gene expression profiles of 2008 ovarian
cancer cells and their Ets-1 overexpressing variant 2008-Ets1. I isolated RNA from both
cell lines following 24 hours of treatment with tetracycline to induce Ets-1 expression in
2008-Ets1 cells. Control 2008 cells were treated with tetracycline as well in order to
negate any potential confounding effects of the treatment. Following purification, the

RNA was hybridized to the GeneChip® Human Gene 1.0 ST Array and gene expression
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was detected by The Centre for Applied Genomics at the Hospital for Sick Children in
Toronto, Ontario. The results from the microarray were validated using real time qRT-
PCR based on the expression of 10 randomly chosen target genes of varying degree of
differential expression. The expression of several genes involved in glycolysis, glycolytic
feeder pathways, oxidative phosphorylation, lipid metabolism, and antioxidant defense
were altered in response to Ets-1 overexpression. To examine the specificity of the Ets-1
cell model, I used Western blotting to show that the expression of Ets-2 and PEA3, two
factors similar to Ets-1, were not changed in 2008-Ets1 cells. Although there are several
more ETS transcription factors that could have expression differences in the 2008/2008-
Ets1 ovarian cancer cell model, because changes in their gene expression were not
observed in the microarray analysis, I deemed the gene expression differences to be most

relevant to differences in Ets-1.

To investigate whether the gene expression changes I observed translate to
functional changes to metabolism, the glycolytic dependence and oxygen consumption of
2008 and 2008-Ets1 cells were measured. In the context of glycolytic dependence, cells
were treated with the glycolytic inhibitor 2-deoxy-D-glucose (2-DG) and cellular growth
was measured. Cellular proliferation was also measured in a separate assay following
culture in the absence of glucose. Both of these assays showed that cells expressing Ets-1
have a significantly greater reliance on glycolysis for cellular growth, as evidenced by
decreased cell numbers following either 2-DG treatment or a glucose-free culture
environment. An important characteristic of the Warburg effect in cancer cells is the

dependence on aerobic glycolysis with a corresponding decreased in oxidative
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phosphorylation regardless of the presence of oxygen (Warburg, 1956; Warburg et al.,
1927). Thus, the oxygen consumption of 2008 and 2008-Ets1 cells was determined using
an Oroboros oxygraph machine, where the total oxygen concentration and flux was
recorded at regular intervals, and the basal oxygen consumption measured following
stabilization of the readings. In accordance with our observations of increased glycolytic
use, cellular oxygen consumption was significantly decreased in 2008-Ets1 cells

compared to their parental counterparts suggesting less oxidative capacity in these cells.

Based on these findings, we have shown for the first time that Ets-1 is involved in
the regulation of cancer metabolism in ovarian cancer cells. The proposed mechanism
begins with mitochondrial malfunction resulting in excessive ROS production, which in
turn leads to the upregulation of Ets-1. A complex regulatory network is then initiated by
Ets-1 that encourages dependence on glycolysis for cellular energy requirements, while
decreasing the flux through oxidative phosphorylation. In defining this new role for Ets-1,
we have gained a better understanding of this important transcription factor and its role in

ovarian tumourigenesis.
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ABSTRACT

Cancer cells predominantly utilize glycolysis for ATP production even in the presence of
abundant oxygen, an environment that would normally result in energy production
through oxidative phosphorylation. Although the molecular mechanism for this metabolic
switch to aerobic glycolysis has not been fully elucidated, it is likely that mitochondrial
damage to the electron transport chain and the resulting increased production of reactive
oxygen species are significant driving forces. In this study, we have investigated the role
of the transcription factor Ets-1 in the regulation of mitochondrial function and
metabolism. Microarray analysis of the effects of Ets-1 over-expression in 2008 ovarian
cancer cells show that Ets-1 up-regulates key enzymes involved in glycolysis and
associated feeder pathways, fatty acid metabolism, and antioxidant defense. Ets-1 down-
regulates genes involved in the citric acid cycle, electron transport chain, and
mitochondrial proteins. At the functional level, we have found that Ets-1 expression is
directly correlated with cellular oxygen consumption whereby increased expression
causes decreased oxygen consumption. Ets-1 over-expression also caused increased
sensitivity to glycolytic inhibitors, as well as pronounced growth inhibition in a glucose-
depleted culture environment. Collectively our findings demonstrate that Ets-1 is
involved in the regulation of cellular metabolism and response to oxidative stress in

cancer cells.
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INTRODUCTION

Over 50 years ago, Otto Warburg first proposed that mitochondrial injury that leads to
depressed electron transport chain function and respiratory defects is an important step in
the development and progression of carcinogenesis (1,2). Over the past two decades,
many studies have shown that tumours preferentially use glycolysis for energy production
over oxidative phosphorylation, a characteristic that has become a hallmark of tumour
pathophysiology (3-5). Known as the Warburg effect, cancer cells predominantly utilize
glycolysis for ATP production even in the presence of abundant oxygen, an environment
that would normally result in energy production through oxidative phosphorylation (2,6).
Alterations in mitochondrial DNA correspond to increased production of ROS and
impaired oxidative phosphorylation, resulting in decreased ATP production and increased
glycolytic dependence (5,7). The increased production of reactive oxygen species,
particularly H,O,, by cancer cells is likely the result of mitochondrial dysfunction, as
mitochondria are considered to be the predominant cellular source of reactive oxygen
species (8). Four to five percent of the O, consumed by oxidative phosphorylation in the
mitochondria is normally converted to reactive oxygen species; therefore defects to the
electron transport chain system in cancer cells would result in excessive reactive oxygen
species formation (8-10). Excessively produced, H>O; can act as a signaling molecule by
oxidizing cysteine molecules on proteins, activating several signaling pathways including
MAPK, as well as several transcription factors including AP-1, p53, NF-kB, and Ets-1

(11-15).
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Ets-1, a member of the Ets protein family of transcription factors, regulates the
expression of a diverse set of proteins through its interaction with specific consensus
sequences upstream of target genes (16). The over-expression of Ets-1 has been
associated with a multitude of different cancers, specifically with regards to tumour
progression and invasion (16-19). Additionally, over-expression of Ets-1 has also been
associated with poor prognosis in breast (20), ovarian (21), and cervical carcinomas (22).
Traditionally, Ets-1 is thought to function as a transcriptional activator and its high
expression in endothelial and stromal cells correlates with tumour cell invasiveness and
unfavourable outcome in ovarian and breast cancer (23-25). Our laboratory and that of
others have highlighted the importance of Ets-1 in the regulation of different aspects of
cancer cell behaviour, including extracellular matrix remodeling, invasion, angiogenesis
(26), and drug resistance (27). The link between Ets-1 and cancer invasiveness can
potentially be explained by the list of known target genes regulated by this transcription
factor. Several MMPs and integrin genes, as well as urokinase plasminogen activator
(uPA), which are all known mediators of extracellular matrix degradation and cell
migration, are known targets for Ets-1 (28-31). Many genes crucial to angiogenesis and
extracellular matrix remodeling, such as matrix metalloproteinases (MMP-1, MMP-3,
MMP-9), uPA and Integrinf33, are under the direct regulation of Ets-1 (26). This
transcription factor is thus considered to be an important mediator of cancer cell
development and tumour progression.

In this study we have demonstrated that Ets-1 plays a role in the regulation of

energy metabolism in ovarian cancer cells. Using high throughput genomic analysis, we
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have found that Ets-1 regulates, either directly or indirectly, several important genes
involved in mitochondrial metabolic and antioxidant defense pathways in our Ets-1 over-
expression ovarian cancer cell model. Functionally, we have shown that glycolysis,
oxidative phosphorylation, and cellular respiratory systems are altered in response to
changes in Ets-1 expression. Taken together, our findings indicate that Ets-1 is a key

transcription factor involved in regulating metabolic and oxidative stress in cancer cells.

RESULTS

Cancer cell model of Ets-1 gene expression

Ets-1 was over-expressed in 2008 ovarian cancer cells using a tetracycline-
inducible system, generating 2008-Ets1 cells. Ets-1 protein expression in tetracycline-
treated 2008 and 2008-Ets1 was examined via Western blotting (Figure 1). Ets-1 protein
expression was not detectable in 2008 whole cell lysates, but was readily detected in the
induced 2008-Ets1 lysate. Increased Ets-1 expression was found to be a specific effect as
the protein levels of two similar Ets family members, Ets-2 and PEA3, were not altered in

this model of Ets-1 over-expression (Figure 2).

Ets-1 regulates metabolic gene expression
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Microarray analysis of 2008 and 2008-Ets!1 cells revealed that 3,131 genes of the 28,869
genes probed were up-regulated or down-regulated in response to Ets-1 over-expression
by at least 1.45 fold (p<0.001) (GEO database accession #GSE21129). For this study, we
have chosen to report and examine changes in selected mRNAs whose functions are
relevant to mitochondrial activity, cellular metabolism, and oxidative stress. Real time
qRT-PCR validation was conducted using 10 target genes representing various fold
change values, and results were normalized to 4 separate housekeeping genes. Although
both PPARG and SDHB gene expression in 2008-Ets1 cells were not significantly
different from 2008 cells, the fold changes determined from real time qRT-PCR were
associated with the microarray fold changes by a correlation coefficient of 0.99 (Table 1).
Therefore, fold changes greater than 1.45 were deemed to be valid results and were

included in this study.

The expression of G6PD, PDHA, HK, and CYC were examined by Western
blotting to determine whether the gene expression differences observed were also present
at the protein level. We did not find any significant differences in protein expression

between 2008 and 2008-Ets1 cells for any of the enzymes examined (data not shown).

The glycolytic capability of cancer cells is regulated by Ets-1

Microarray analysis of 2008-Ets1 ovarian cancer cells revealed that Ets-1 is involved in
the regulation of mitochondrial stress and dysfunction as metabolic genes, including those

involved in glycolysis, glycolytic feeder pathways, the TCA cycle, and lipid metabolism
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(Table 2), and genes involved in antioxidant defense (Table 3) were altered in Ets-1 over-
expressing cells. To evaluate whether cells with stable over-expression of Ets-1 favour
glycolysis over oxidative phosphorylation for energy, as predicted by our microarray
analysis, cells were grown in glucose-free media supplemented with the glycolytic
inhibitor 2-DG, an analog of glucose. Cells were grown in the presence of varying
amounts of 2-DG, and representative growth curves were generated for each cell line. The
growth of cells in media containing 2-DG was inhibited to a greater extent in cells with a
higher Ets-1 expression than in parental cells (Figure 3A). The 2-DG ICs, doses, or doses
where 50% of the cells had stopped proliferating, were calculated from 4 independent
experiments. Our results indicated that 2008-Ets1 cells induced with tetracycline were the
most sensitive to 2-DG, with an ICsy of 0.75 mM, which was significantly lower than the
parental 2008 cells, ICsp of 4.29 mM (p<0.01). C13* cells, a cisplatin-resistant variant of
2008 cells, had an ICsy of 2.04 mM, which was also significantly lower than parental
2008 cells (p<0.05). To discount any treatment effect, parental 2008 cells were treated
with tetracycline, and showed no significant growth inhibition by 2-DG with an ICsy of
3.67 mM (data not shown). Growth of cells in normal or glucose-free media
(supplemented with sodium pyruvate) was compared over 96 hrs, after which it was
observed that the proliferation of cells with increased expression of Ets-1 was notably
slower compared to parental 2008 cells (Figure 3B). Treatment with glucose-free media
resulted in a decreased proliferation rate for all cells tested in comparison to normally

supplemented media (data not shown).
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Ets-1 regulates cellular oxygen consumption in cancer cells

Our microarray analyses suggest that Ets-1 over-expression resulted in an overall
down-regulation of genes that encode electron transport chain components, suggesting
that these cell lines would likely display decreased O, consumption (Table 4). This
assumption was evaluated using high-resolution respirometry, where basal oxygen
consumption was measured following the addition of cells to an oxygraph. Basal oxygen
consumption was significantly lower in induced 2008-Ets1 cells (26.23 pmoles O,/1x10°
cells/sec; p<0.05) compared to 2008 cells (40.60 pmoles O,/1x10° cells/sec, p<0.05)
(Figure 4). No significant tetracycline treatment effect on basal oxygen consumption was
found following induction of 2008 cells, confirming that tetracycline did not affect

oxygen consumption in our model (data not shown).

DISCUSSION

Mitochondrial reactive oxygen species activate several key signaling pathways involved
in tumourigenesis and up-regulate the expression of important oncogenic transcription
factors including Ets-1 (32). We have previously shown that increased production of
intracellular reactive oxygen species in C13* cells, a cisplatin-resistant variant of 2008
ovarian carcinoma cells, correlated with an increase in Ets-1 mRNA and protein
expression (15, 33). Subsequent treatment of these cells with H,O, increased Ets-1
expression in a dose-dependent manner, suggesting that this transcription factor is highly

responsive to tumour-derived signals.
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Our previous analysis of the Ets-1 promoter led to the identification of an antioxidant
response element (ARE) that proved to be pivotal in regulating the expression of Ets-1
under both basal and H,O,-induced conditions (15). Traditionally, the functional
importance of Ets-1 over-expression in cancer has been associated with the regulation of
matrix-degrading proteases and angiogenic factors (26, 34). However, our recent findings
that mitochondrial reactive oxygen species potently affects Ets-1 expression at the
transcriptional level (15) suggest that the importance of this transcription factor in cancer
initiation and progression extends beyond angiogenesis and metastasis alone.

We hypothesized that Ets-1 may be involved in the regulation of mitochondrial
metabolism in cancer cells because mitochondrial stress from both increased reactive
oxygen species production and electron transport chain malfunction result in increased
Ets-1 mRNA and protein (15). In order to determine the functional importance of Ets-1
expression in cancer cell metabolism, we generated the tetracycline-inducible Ets-1 over-
expressing ovarian cancer cell line 2008-Ets1. Parental 2008 cells do not express
detectable levels of Ets-1 protein endogenously. To analyze the genomic consequences of
Ets-1 over-expression in these ovarian cancer cells, we conducted a human gene
microarray. Our findings indicate that Ets-1 is either directly or indirectly involved in
regulating the expression of more than 3,000 of the over 28,000 human genes examined.
Interestingly, our findings suggest that Ets-1 could act as a transcriptional repressor of
more than half (1,665) of these genes in ovarian carcinoma cells.

Although Ets-1 has been studied extensively in both physiological and pathological

processes (17), it is rarely referred to as a transcriptional repressor. In the context of
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mitochondrial dysfunction and metabolism, Ets-1 was found to at least partially down-
regulate several components of the electron transport chain. Complex I, the most
prominent site for electron leakage leading to excessive reactive oxygen species
production in the electron transport chain, is composed of 39 nuclear encoded subunit
genes, of which Ets-1 down-regulates 11. Another important site for electron leakage and
reactive oxygen species production is Complex III, which is composed of 10 subunits, of
which Ets-1 down-regulates 3. Ets-1 also represses components of Complex IV, Complex
V ATP synthases, as well as some electron transport associated factors. Taken together,
these repressive functions suggest that Ets-1 is prominently involved in the decreased
reliance on oxidative phosphorylation frequently associated with cancer cells.
Consequently, genes encoding mitochondrial proteins involved in oxidative
phosphorylation would be down-regulated, and cells would require alternate methods of
ATP production including glycolysis and fatty acid oxidation. Given that components of
almost every complex of the electron transport chain, several key enzymes of the TCA
cycle, and ultimately the reducing equivalents needed for electron transport were
similarly down-regulated, Ets-1 over-expressing cells appear to have a decreased capacity
to generate ATP via oxidative phosphorylation at the gene expression level.

Cancer cells commonly have a decreased reliance on oxidative phosphorylation
for energy generation, and they likewise have an increased dependence on glycolysis and
fat metabolism for cellular energy (35). In further support that Ets-1 is involved in the
regulation of altered cancer metabolism, Ets-1 is associated with the increased expression

of many genes involved in glycolysis, glycolytic feeder pathways, and the pentose
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phosphate pathway. Additionally, the expression of Ets-1 is also correlated with increases
in the expression of many genes involved with lipid metabolism and biosynthesis. Taken
together, these trends suggest that Ets-1 is an important transcriptional regulator not only
in the catabolic, but also anabolic metabolism transitions in cancer cells that ultimately
promote tumourigenesis (35).

It was almost half a century ago when the up-regulation of fatty acid synthase
(FASN) was first described in cancer (36), and overexpressed in the majority of cancers.
Interestingly, Ets-1 was also found to be involved in the regulation of increased FASN
gene expression in our ovarian cancer model. Thus, our gene expression findings suggest
that Ets-1 is a key transcription factor involved in the metabolism of cancer cells, and
particularly important in the metabolic shift towards glycolysis and anabolic means of
energy production. Although it is important to note that Ets-1-mediated metabolic
regulation is likely achieved by a large consortium of different transcription factors, a
more complex regulatory network of transcription factors influenced by mitochondrial
dysfunction have yet to be elucidated. We have demonstrated that the over-expression of
Ets-1 in our ovarian cancer model did not affect protein levels of two closely related ETS
family members; however, it is possible that other ETS transcription factors from this
very large family also influence cancer metabolism. Considering that these transcription
factors recognize almost identical consensus sequences, the repetition of the experiments
within this study following the over-expression of other ETS family members could yield
similar results. In addition, such experiments would further characterize the potentially

large transcriptional network involved in the specialized metabolism of cancer cells.
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To determine the functional relevance of our genomic results, we have examined the
glycolytic capability of our Ets-1 over-expression model. We have indirectly evaluated
the oxidative phosphorylation capacity of these cells through treatment with the
glycolytic inhibitor 2-DG. Ovarian C13* and induced 2008-Ets1 cells, which both
express Ets-1, showed prominent growth inhibition in response to 2-DG, suggesting that
these cells are more reliant on glycolysis for ATP production. Additionally, the Ets-1
over-expressing ovarian cancer cells displayed significantly decreased growth following
glucose deprivation, further emphasizing their glycolytic reliance. The growth rate of all
cell types in glucose-free media was decreased as compared to normally supplemented
media, particularly after 48 hrs when a distinct divergence in cell growth was consistently
observed, likely due to decreased glucose availability. Over-expression of Ets-1 potently
exacerbated this divergence as the growth of induced 2008-Ets1 cells drastically
decreased after 48 hrs. However at the protein level, we did not find any significant
differences in the expression of glucose-6-phosphate dehydrogenase, pyruvate
dehydrogenase, cytochrome ¢, or hexokinase, which are all enzymes involved in
glycolysis or oxidative phosphorylation. Importantly, we did see repeatable and
significant differences in glycolytic dependence associated with Ets-1 expression, and the
lack of changes in protein expression could therefore be due to post-translational
modifications mediated by Ets-1. For example, differences within the catalytic region of
an enzyme would result in functional differences, but would not necessarily be detectable
via Western blot, as this technique is dependent on the specific epitope targeted by the

antibody used. Thus, we plan to examine the enzyme activity of these metabolic enzymes
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in future studies to determine if any differences exist between 2008 and 2008-Ets1 cells
that could account for the functional differences we have demonstrated in this study.

The evaluation of O, consumption of a population of cells is a functional
evaluation of oxidative capacity, as it represents a good estimate of the rate at which
electrons are passing along the electron transport chain and being reduced to H,O,. The
polarographic system used in this study to measure O, consumption includes sensors that
yield a current proportional to the partial pressure of O; in cell containing media by
consuming O in a cathode half reaction, thus the signal responds exponentially to
changes in O, pressure within the sample. In the absence of specific complex substrates
and ADP, thereby simulating respiration, the basal rate of O, consumption can be
measured. We have observed significant decreases in O, consumption in cells with
increased Ets-1 expression. Our results indicate that Ets-1 is directly involved in the
regulation of cellular oxidative capacity, where Ets-1 over-expression led to significantly
decreased O, consumption, and Ets-1 down-regulated cells displayed a very prominent
increase in O, consumption. These results suggest that up-regulated Ets-1 expression
promotes a decreased dependence on oxidative phosphorylation for energy, and provides
further evidence towards the functional importance of Ets-1 in cancer cell metabolism.

High levels of oxidative stress are typically observed in the tumour
microenvironment as a result of imbalances in antioxidant defense factors, and impaired
DNA repair mechanisms (37-39). In breast cancer cells lines, increased malignancy is
associated with high levels of reactive oxygen species-producing superoxide dismutase

activity, in combination with decreased levels of reactive oxygen species-detoxifying
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glutathione peroxidases and the H,O,-detoxifying enzyme catalase (40). Similar
antioxidant enzyme imbalances have been found in melanoma (41), as well as lung (42),
prostate (43), and thyroid cancers (44). Our microarray analysis determined that Ets-1 is a
regulator of antioxidant gene expression in ovarian cancer cells, particularly glutathione
peroxidases, which preferentially target H,O, and lipid hydroperoxides for detoxification.
This increased expression of antioxidants is in response to mitochondrial oxidative stress
in the form of excessive reactive oxygen species production, and we have previously
shown that Ets-1 gene expression increases in response to H>O, (15). However, it is
important to note that Ets-1 also down-regulated genes encoding certain H,O,-detoxifying
enzymes, suggesting that these cancer cells likely require and maintain a certain level of
H,0O; to encourage the high growth rates inherent to tumour progression.

A novel function for Ets-1 was elucidated in this study following genomic and
functional analysis of an ovarian cancer Ets-1 expression model. To our knowledge, this
is the first study to show a role for this transcription factor in metabolism. Numerous
down-regulated genes were identified in Ets-1 over-expressing cells including those
encoding several mitochondrial proteins involved in oxidative phosphorylation, as well as
important metabolic enzymes that are responsible for the generation of required substrates
of the electron transport chain. Functional assays confirmed that Ets-1 over-expressing
cancer cells displayed reduced oxidative phosphorylation capabilities, as well as
enhanced reliance on glycolysis for cellular energy. Additionally, Ets-1 was shown to be
important in the regulation of cellular O, consumption further suggesting a reduced usage

of oxidative phosphorylation in cancer cells expressing Ets-1.

51



Therefore, damage to the mitochondria results in increased production of H,O, and
consequent up-regulation of Ets-1, which then participates in an active regulatory network
that encourages reliance on glycolysis and lipid metabolism for cellular energy
requirements. Thus, Ets-1 may be grouped with other transcription factors that have been
observed to up-regulate the expression of mitochondrial proteins (NRFs) or genes
involved in glycolysis (HIF-1) in response to specific stresses (45, 46). In summary, our
findings demonstrate a novel role for Ets-1 in the regulation of cellular metabolism in

response to mitochondrial stress.

MATERIALS AND METHODS

Cell culture

The human ovarian carcinoma cell lines, 2008 and C13*, were kindly provided by Dr.
Paul Andrews (Georgetown University, Rockville MD) [33]. The 2008 and C13* cells
were maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum and
2% penicillin/streptomycin. The stable cell line 2008-Ets1 [27] was maintained in growth
medium as described with the addition of 200 ng/ml of the selective antibiotic Zeocin. All
cells were kept at 37°C in a humidified atmosphere of 5% CO,. Media and supplements
were purchased from Invitrogen Life Technologies (Burlington, ON, Canada), and FBS
from Fisher Scientific (Ottawa, ON, Canada). All reagents were purchased from Sigma

(Oakville, ON, Canada).
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Protein isolation and western blot analysis

Whole cell lysates were collected, 30 pg of protein were separated by 10% SDS-PAGE
electrophoresis, transferred to nitrocellulose membrane (Amersham Biosciences, Baie
D'Urfe, QC, Canada), and blocked for 1 hr in 5% skim milk TBS-T. Membranes were
incubated overnight with primary antibody in 0.5% skim milk TBS-T. Following primary
antibody incubation, membranes were washed and incubated for 1 hr with horseradish
peroxidase-linked IgG secondary antibody (1:10,000) (Santa Cruz Biotechnology Inc.,
Santa Cruz, CA). Proteins were detected using ECL chemiluminescence reagent
(Amersham), and exposed to film. Antibodies against Ets-1 (1:100), G6PD (1:1000), and
PDHA (1:500) were from Abcam; antibodies against Ets-2 (1:500), PEA3 (1:100), and
HK (1:250) were from Santa Cruz Biotechnology; and the antibody against CYC (1:250)

was from BD Biosciences.

RNA isolation and quantitative real-time PCR

Total RNA was isolated using Trizol reagent as indicated by the manufacturer
(Invitrogen). RNA samples were DNase treated using Turbo DNA-free™ as per the
manufacturer's directions (Ambion), and 3ug of total cellular RNA was reverse-
transcribed using poly-T primers and the Superscript III First Strand Synthesis System
(Invitrogen). Quantitative real-time PCR was conducted using a DNA Engine® thermal
cycler (Bio-Rad) and Platinum SYBR Green qPCR SuperMix UDG (Invitrogen) with

primer sequences listed in Table 5. Target gene expression was normalized to the pooled
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gene expression values of f-actin (ACTB), B-2 macroglobulin (B2M), glyceraldehyde-3-
phosphdate dehydrogenate (GAPDH), and RNA polymerase II (RPII) as housekeeping
controls. Data was normalized to housekeeper gene expression and efficiency corrected
using the AACt method of relative quantification, where statistical significance and

standard error were determined from ACt values.

Microarray analysis

Total RNA was isolated from tetracycline-induced 2008 and 2008-Ets1 cells as described,
purified using the RNeasy purification kit (Qiagen), and hybridized to the GeneChip®
Human Gene 1.0 ST Array (28,869 human gene probes). RNA quality analysis via
bioanalyzer, microarray preparation, hybridization, and detection were performed by The
Centre for Applied Genomics, The Hospital for Sick Children, Toronto, Canada. All low-
level analyses, calculation of differential expression, and statistical adjustments were
computed using R version 2.9.2 (47). Assessment of RNA quality post-hybridization, and
low-level analysis were performed using the package ‘affy’ (48). RNA degradation plots
revealed little 5 to 3’ bias and all arrays were within 1.35 standard deviations of the
average slope. Background correction and normalization was performed using the robust
multi-array average (RMA) algorithm. To reduce the number of differential expression
tests downstream, thereby increasing overall power, 50% of the lowest normalized Log,
probe-set intensities were removed according to recommendations by Hackstadt and Hess

(2009) (49). Differential expression estimates were computed using the adjusted Local

54



Pooled Error test in the package ‘LPEadj’ (50). The Benjamini-Hochberg procedure for
controlling false discovery rate (FDR) was applied to comparison-wise p-values using the
package ‘multtest’. Reported g-values represent the minimum FDR at which a particular
test can be considered significant. Fold change expression values of 10 random target
genes of varying fold change magnitude were validated using real time PCR.
Corresponding relative fold changes were determined using the AACT method of relative
quantification, and correlation coefficients were calculated to determine the relationship

between real time PCR and microarray findings.

Glycolytic dependency assays

Cellular growth rate and the inhibition of proliferation were evaluated by assessing total
cell numbers, where 2x10° cells were plated onto 96-well tissue culture plates and
allowed to adhere. Cells were treated with 2-deoxy-D-glucose (2-DG; Sigma)
administered at concentrations ranging from 1-7.5 mM over 96 hrs, at which time a
Hoechst DNA content assay (Invitrogen) was performed. Following treatment, cells were
washed and lysed in MilliQ water and 2 pg/mL Hoechst 33258 stain diluted in TNE
buffer (10 mM Tris, | mM EDTA, 2 M NaCl, pH 7.4). Fluorescence was evaluated using
a Cytofluor series 4000 multiwell plate reader (excitation 350 nm, emission 460 nm)
(PerSeptive Biosystems, Framingham, MA). Cell number was standardized to
fluorescence for each cell type by comparison with a standard curve of known cell

numbers. To determine cell growth in glucose free media, glucose free RPMI and DMEM
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media supplemented with 110 mg/L pyruvate was added to cells following overnight
adherence. Plates of cells were frozen every 24 hrs up to and including the 96 hr time

point and Hoechst assays were performed at each time point.

Oxygen consumption assay

All oxygen consumption assays were performed on the OROBOROS oxygraph
(Oroboros, Innsbruck, Austria) at 37°C. Cells were pelleted, resuspended in growth
medium, and 3x10° cells were used per experiment at a density of 1x10° cells/100 pL.
Freshly harvested cells were added to the oxygraph chambers containing 1.8 mL of KCI
medium (80 mM KCI, 10 mM Tris-HCI, 3 mM MgCl,, | mM EDTA, 5 mM potassium
phosphate, pH 7.2). The total O, concentration and flux were recorded at 1 sec intervals
throughout the experiment. Once the oxygen concentration stabilized, the basal O,
consumption was determined for each cell line and condition, where OROBOROS

software was used for data acquisition and analysis.

Statistical analysis

Data is presented as the mean +/— standard deviation from at least three independent
experiments. Statistically significant differences between sample groups were determined
using a Student's t-test or ANOV A where applicable, with a p-value<0.05 considered to

be statistically significant (p<0.05 = *, p<0.01 = **, p<0.001 = ***),
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Tables

Table 1. Real time qRT-PCR validation of microarray findings.
Gene Microarray Real time PCR

name fold change fold change Valid?
ETS1 12/0) 555 10.14 ** Y
GPX2 8.80 *** 9.95 *** Y
PPARG 2.58 *** 2.07 N
G6PD 1.74 *¥** 1.91 * Y

HK1 /1) 55 2.18 ** Y
SDHB —1.30 *** —2.07 N
cyci —1.46 *** —287 * Y
PDHA —2.05 *** —1.99 * Y
NDUFAB1 =Z)7E) 550 =27/ S5 Y
MMP13 —11.00 *** —11.26 *** Y
Correlation Coefficient=0.99; p=0.05=*, p=<0.01 =**, p=0.001 = ***,
doi:10.1371/journal.pone.0013565.t001

Table 2.1: Real time qRT-PCR validation of microarray findings

65



Table 2. Effect of Ets-1 over-expression on glycolysis, glycolytic feeder pathways, and lipid metabolism.

Pathway Gene GenBank ID Gene name Fold change
Glycolysis Enolase 2 NM_001975 ENO2 +