Western University

Scholarship@Western

Western® Graduate& PostdoctoralStudies

Electronic Thesis and Dissertation Repository

2-24-2021 2:00 PM

Metabolic Reprogramming By DNA Tumour Viruses

Martin Prusinkiewicz, The University of Western Ontario

Supervisor: Mymryk, Joe S., The University of Western Ontario

A thesis submitted in partial fulfillment of the requirements for the Doctor of Philosophy degree
in Microbiology and Immunology

© Martin Prusinkiewicz 2021

Follow this and additional works at: https://ir.lib.uwo.ca/etd

6‘ Part of the Cancer Biology Commons

Recommended Citation

Prusinkiewicz, Martin, "Metabolic Reprogramming By DNA Tumour Viruses" (2021). Electronic Thesis and
Dissertation Repository. 7667.

https://ir.lib.uwo.ca/etd/7667

This Dissertation/Thesis is brought to you for free and open access by Scholarship@Western. It has been accepted
for inclusion in Electronic Thesis and Dissertation Repository by an authorized administrator of
Scholarship@Western. For more information, please contact wiswadmin@uwo.ca.


https://ir.lib.uwo.ca/
https://ir.lib.uwo.ca/etd
https://ir.lib.uwo.ca/etd?utm_source=ir.lib.uwo.ca%2Fetd%2F7667&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/12?utm_source=ir.lib.uwo.ca%2Fetd%2F7667&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ir.lib.uwo.ca/etd/7667?utm_source=ir.lib.uwo.ca%2Fetd%2F7667&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:wlswadmin@uwo.ca

Abstract

Viruses are the etiological agents of approximately 12% of human cancers. However, only
a subset of viral infections eventually progress to cancer. As obligate intracellular parasites,
viruses create a host-cell environment that is amenable to virus replication. These changes
to host-cell processes during infection are enacted by virally-encoded proteins that act as
molecular hubs. When these processes intersect with pathways that encourage the
development of cancer, such as the p53 tumour suppressor pathway, these virally-encoded
molecular hub proteins function as viral oncoproteins. One major requirement of both virus
infected cells and rapidly growing cancer cells is an altered metabolism that provides the
rapid production of energy and macromolecules required for either viral or cellular
replication. Typically, this metabolic phenotype involves an increased rate of glycolysis
and a decreased rate of cellular respiration despite the presence of ample oxygen that would
otherwise encourage respiration. The purpose of this thesis is to investigate how viruses
belonging to a subset viruses known as DNA tumour viruses can reprogram cellular
metabolism. We hypothesize that DNA tumour viruses cause a cancer-like metabolic
phenotype in the infected cell or cancerous tissue, which is similar to, but still distinct from,
the metabolic phenotype in corresponding non-virally induced cancers. First, we
determined that the 13S isoform of the EIA oncoprotein found in human adenovirus is
responsible for causing an increase in glycolysis both as an endogenously expressed protein
and in HAdV infected cells. Next, we utilized The Cancer Genome Atlas, a repository of
patient tumour data, to determine that human papillomavirus-positive (HPV+) head and
neck squamous cell carcinoma (HNSCC) have a distinct metabolism-related transcriptome
when compared to HPV- HNSCC, and that some of these metabolic genes are associated
with patient survival. Finally, we confirm that DNA tumour virus-induced cancers do have
a distinct metabolism-related transcriptome in the context of another cancer, Epstein-Barr
virus associated gastric cancer. These findings highlight that the metabolic phenotypes of
virally infected cells and cancer cells, while superficially similar, are distinct enough to

represent potential novel druggable targets or biomarkers.
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Summary for Lay Audience

In rare cases, cancer can develop from infections caused by certain viruses. Even before a
virus causes cancer in an infected cell, the metabolism of the infected cell begins to
resemble that of a cancer cell. Specifically, how that cell produces energy and what
molecules it produces as building blocks for the production of new virus are very similar
to the ways in which a cancer cell performs the same tasks to grow. The purpose of this
thesis is to compare the metabolism of virus-infected cells and cancers to the metabolism
of those that are not caused by a virus. The three viruses I discuss in this thesis are human
adenovirus, human papillomavirus and Epstein-Barr virus. Human adenovirus does not
cause cancers in humans, but it can cause cancers in rodent cells. Human adenovirus is
frequently used to study how virus-induced cancer proceeds in cells. In the first part of my
thesis, I explore how one of the tools used by human adenovirus, a viral protein called E1A,
changes the metabolism of an infected cell to resemble that of cancer. Adenovirus can
produce different versions of E1A. We identified that one version, 13S, is responsible for
increasing cellular sugar consumption, a process known as glycolysis, both by itself and as
part of a whole virus. Next we wanted to determine whether human cancers caused by
viruses used different metabolic processes than similar non-viral cancers. The first cancer
we examined was head and neck cancer caused by human papillomavirus (HPV). We used
a database of patient tumours called The Cancer Genome Atlas, which contains information
about the genetic messages (mRNA) produced by a cancer that codes for the cellular
machines (enzymes) responsible for metabolism in the cancer. We found that head and
neck cancer caused by HPV had a different set of messages than the same cancer that was
not caused by the virus. We also found that the levels of these messages within HPV-
induced head and neck cancers appeared to correlate with, but not necessarily cause,
differences in patient survival. We performed a similar analysis for stomach cancers that
were caused by Epstein-Barr virus. Once again, it appeared that the Epstein-Barr virus
containing cancers had a different set of messages for metabolism-related enzymes than
other stomach cancers. In conclusion, my thesis shows that cancers caused by viruses might
produce energy and molecular building blocks in a way that differs from non-viral cancers.

This could have implications for the treatment of cancers caused by viruses.
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Chapter 1
1 Introduction

1.1 Virus Structure and Classification

Viruses are obligate intracellular parasites that employ a variety of strategies and genotypic
structures in order to replicate successfully in the infected host cell. In general, viruses have
a genome that is comprised of either deoxyribonucleic acid (DNA) or ribonucleic acid
(RNA). These molecules differ in their sugar backbone, with RNA containing ribose and
DNA containing deoxyribose, which has one less oxygen molecule in its structure. The
four main DNA nucleotides are adenine and guanine, which are purines; thymine and
cytosine, which are both pyrimidines. RNA utilizes the nucleotide uracil rather than
thymine. These four nucleotides encode the genetic instructions for the proteins that a
living cell utilizes to carry out its key functions for life. Each set of three nucleotides, called
a codon, corresponds to the code for one amino acid. This leads to the central dogma of
molecular biology (Crick, 1970), in which the flow of information is through DNA to
protein. That is, the DNA within the nucleus of the cell contains the information required
to build all of the proteins or other functional elements, such as microRNAs, within a cell.
However, in order for these proteins to be produced, the DNA code must be first transcribed
to messenger-RNA (mRNA), strands of which can then exit the nucleus and be translated
to proteins within the cytosol. Translation involves the shuttling of amino acids by transfer-
RNA (tRNA) that can read the mRNA sequence loaded onto a ribosome. Ribosomes are
complexes in which proteins are constructed within a cell, and ensure that the amino acids
are placed in the correct order to build a functional protein. Within a cell, it is typically
considered impossible for the flow of biological information to occur in the reverse order,
which is from protein to RNA and back to DNA. However, viruses can be interesting

exceptions to these rules (Baltimore, 1970; Temin and Mizutami, 1970).

In order to understand how viruses can circumvent the central dogma, one must appreciate
the different classes of viruses that exist. The standard viral classification system is called
the Baltimore Classification (Baltimore, 1971), after the scientist who devised the system

in 1971, David Baltimore. There are seven classes or groups of viruses. Group I are the



double stranded DNA viruses (dsDNA), that replicate in a manner that is more or less
consistent with the central dogma. The viral genome of dsDNA viruses replicates and is
transcribed within the nucleus of the host cell, typically utilizing its replication machinery,
such as polymerases. The transcribed viral mRNA is then translated in the cytosol of the
host cell. However, there are exceptions to this, such as poxvirus, which can replicate
entirely in the cytoplasm as it encodes its own polymerase in its large linear genome, which
can range from 130 to 230 kb (Moss, 2013). Group II are the single-stranded DNA
(ssDNA) viruses. Although these viruses are packaged within the viral virion as single
strands (Hayashi et al., 1963), they quickly form double stranded intermediates for genome
replication and transcription within the host cell nucleus. ssDNA viruses can have a
negative or positive genome polarity and therefore can be further classified as ssDNA(-)
or ssDNA(+) viruses. In some cases the replicated ssDNA virus can have its genome
oriented in either polarity in which case these viruses can be subclassified as ssSDNA(+/-).
Group III are double-stranded RNA viruses (d&sSRNA) and are capable of replicating entirely
within the cytoplasm of the infected host cell. Group IV are positive-sense single-stranded
RNA (ssRNA(+)) viruses. These viruses can be immediately translated in the cytoplasm,
rendering them very efficient. Group V viruses are negative-sense single-stranded RNA
(ssSRNA(-)) viruses. The negative-sense RNA genome of these viruses must first be
replicated into positive-sense RNA, which requires a virally encoded protein, RNA-
dependent RNA polymerase (RdRP). Group VI viruses are ssRNA(+) RNA viruses that
encode a reverse transcriptase protein capable of generating a double stranded DNA
molecule (ssRNA(+)-RT), a direct contradiction of the central dogma of molecule biology.
This viral dsSDNA genome can become integrated into the host-genome rendering these
viruses especially difficult to remove from the infected cell. The final Baltimore
classification is Group VII viruses. These viruses are dSDNA viruses that encode a viral

reverse transcriptase and have an RNA step in their cycle of viral replication.

Viral genomes are packaged within protective protein structures known as capsids. These
structures are repetitive, giving virions a highly organized geometric pattern (Roos et al.,
2007). Some, but not all viruses, are further packaged within a lipid bilayer known as the
viral envelope which provides further protection to the virus (Perlmutter and Hagan, 2015).

Nearly all of these components that comprise the virus structure, from nucleic acids to



proteins and lipids must be derived from the metabolites in the infected host cell (Goodwin
et al., 2015). To force the host cell to produce these metabolites, many viruses encode
proteins that function as molecular hubs, which means they are capable of altering the
function of many proteins within the host cell (Brito and Pinney, 2017; Pelka et al., 2008;
Rozenblatt-Rosen et al., 2012; Zheng et al., 2014). Some of these target proteins are
integral in the functioning of metabolic processes. Therefore, by altering the function of
these metabolism-related proteins, viruses can direct the cell to produce metabolites in
certain quantities and at certain stages during infection to benefit the viral replication
process. Interestingly, this virally induced increase in the activity of host cell metabolic
processes is typically accompanied by other changes in the host cell that may resemble cell
replication. Virally induced changes to host cell metabolism and growth processes typically
serve to aid the processes of viral replication, typically leading to the release of replicated
virus by cell lysis or via a continuous productive infection that releases viral progeny
without cell lysis. However, in rare occasions these viral replication processes malfunction
in the host cell leading to uncontrolled cell growth and replication (Gaglia and Munger,
2018). It is these abnormal infections that can lead to a variety of cancers (Chang et al.,

2017).

1.2 The Essentials of DNA Tumour Viruses

While viruses from a variety of Baltimore classifications may be associated with cancer, a
large number of Group I viruses, the dsDNA viruses, are capable of causing cancer in a
small percentage of infections. The three dSDNA tumour viruses that will be discussed in
this thesis are human adenovirus (HAdV), human papillomavirus (HPV), and Epstein-Barr
virus (EBV). These three viruses vary drastically in the size of their genomes, with HPV
genomes being the smallest at approximately 8 kilobases, followed by HAdV genomes at
36 kilobases, and EBV genomes at approximately 170 kilobases. In addition, the genome
structure of these three viruses vary. HPV has a circular genome (Crawford, 1965; Klug
and Finch, 1965), while both HAdV (Green et al., 1967) and EBV (Schulte-Holthausen
and Hausen, 1970) have linear genomes. However, in the context of oncogenesis, which
will be discussed in specific detail for each virus below, these viruses can potentially induce

cellular oncogenesis in a similar manner. Usually, a sequence of the DNA tumour virus



becomes stably expressed in the host cell either through an integration event into the host-
cell genome during viral genome replication, or as a distinct episome that lingers in the
host-cell (Choo et al., 1987; Delecluse et al., 1993; Matsukura et al., 1989). This is
associated with immune evasion that allows the foreign DNA to remain within the cell
(Mahr and Gooding, 1999; Ressing et al., 2015; Tindle, 2002). Abnormal expression of
one or more virally encoded hub proteins leads to uncontrollable activation of host cell
metabolic, growth and replication processes leading to the development of cancer. The

physical attributes of each virus are found in Table 1.1.

1.3 Discovery of Human Adenovirus, Human Papillomavirus
and Epstein-Barr Virus

HAdV was discovered in 1953 by Wallace Rowe and his collaborators from human
adenoid tissue, hence the name adenovirus (Rowe et al., 1953). However, the tissue tropism
of HAdV is quite varied, and has been found in tissues ranging from gastrointestinal tissue,
respiratory tissue, ocular tissue, kidney tissue, and urethral tissue (Lion, 2014). The
diseases caused by HAdV vary, depending on the infected tissue type and HAdV type, of
which there are, by some counts, over 90 (Zhang and Huang, 2019). Although HAdV has
not yet been conclusively shown to be associated with human cancers, HAdV is capable of
robustly transforming rodent cells, and for this reason was the first recognized DNA

tumour virus (Trentin et al., 1962).

HPV was first discovered to be an etiological agent of human cervical cancer by Dr. Harald
zur Hausen and colleagues in 1983 (Durst et al., 1983). Dr. zur Hausen would go on to win
the Nobel Prize in Physiology or Medicine for this discovery in 2008. In 2003, HPV was
recognized to be the etiological agent for certain head and neck cancers by the International

Agency for Research on Cancer (Herrero et al., 2003).

EBV is an ubiquitous virus, and over 90% of the world’s population is infected by this
virus, which predominantly infects B cells (Faulkner et al., 2000). EBV was discovered in
1964 by the team of Michael Anthony Epstein and Yvonne Barr, the individuals from



Table 1.1. Characteristics of DNA tumour viruses discussed in this thesis.

Integrated
Genome Capsid Oncogenic or
. . Genome Enveloped Geometery Episomal
Virus Size N to Humans .
(Approx.) Organization (Yes/No) and ‘ (Yes/No) m.
Complexity Associated
Cancers
Icosahedral
HAdV 36 kb Linear No (pseudo No N/A
T=25)
. Icosahedral
HPV 8 kb Circular No (T=7) Yes Integrated
EBV 170 kb Linear Yes IC?;a_hfg)ral Yes Episome




which the virus obtained its name, when they observed EBV particles in cells derived
from a B cell cancer, Burkitt lymphoma (Epstein et al., 1964). EBV was also the first

virus discovered to cause human cancers (Ko, 2015).

1.4 Overview of Human Adenovirus Proteins

HAdVs are non-enveloped, linear double-stranded DNA tumour viruses with a genome of
approximately 36 kilobase pairs. There are approximately 90 specific types distributed
across 7 species, termed A through G, based on genetic and biological characteristics
(Table 1.2). HAdVs exhibit a variety of tissue tropisms, often dependent on HAdV type,
including preference for respiratory, gastrointestinal, ocular, or renal tissues (Lenaerts et
al., 2008; Lion, 2014). HAdVs generally cause acute, lytic infections with a replicative
cycle of typically several days between exposure and production of new viruses in
quiescent epithelial cells. In one round of infection, a single infectious virion leads to the
production of thousands of infectious progeny. Viral replication requires the substrates and
energy provided by the host cell, and an optimized environment within the virus infected
cell ensures maximal HAdV progeny production. HAdV proteins interact with host-cell
proteins to modify cellular functions, creating amenable conditions for virus replication

and virion production regardless of any pre-existing cell state.

The adenovirus genome is organized into early and late regions, corresponding to the
temporal kinetics of transcription of these regions (Nash and Parks, 2017). The early region
consists of multiple transcription units, termed E1A, E1B, E2A, E2B, E3 and E4 (Lenaerts
et al., 2008). The products of the E1A transcription unit function to control transcription of
viral genes, as well as modify host-cell gene expression to benefit viral reproduction (Pelka
et al., 2008). The E1B products modulate host-cell proliferation, apoptosis and assist with
viral replication (Nash and Parks, 2017). The products from the E2 transcription units are
primarily involved in viral DNA replication (Nash and Parks, 2017). The E3 transcription
unit encodes viral proteins that subvert host immune responses (Nash and Parks, 2017).
The E4 transcription unit is comprised of 7 open reading frames (ORFs), the products of

which act to modulate cellular function and assist with viral DNA replication and RNA



Table 1.2. Different HAdV species and associated types, tissue tropisms and clinically

associated infections. The last column indicates whether the species contains the

metabolism-associated EAORF1 viral gene.

Tissue Tropism Contains
Species Types (T esl; Associated Infections E40ORF1
P (Y/N)
A 12,18, 31, 61 Gastrointestinal Gastroenteritis Yes
Respiratory
3,7,11,14, 16, 21, 54 ,7’ 16,21, 50) . .
Urinary/Renal Acute respiratory disease,
B 34, 35, 50, 55, 66, . . .. Yes
(11, 14, 34, 35) conjunctivitis, nephritis
68,72,79
Ocular
(3,7,11, 14)
Respiratory, . .
C 1,2,5,6, 57 Ocular Acute resPlratc.)r}.z ffhsease, Yes
conjunctivitis
®)
8-10, 13, 15,17, 19,
20, 22-30, 32, 33, Ocular Follicular conjunctivitis,
36-39, 42-49, 51, 53, . " pharyngeal conjunctival fever,
D Gastrointestinal . : . . Yes
54, 56, 58-60, 62-65, (36, 37) epidemic keratoconjunctivitis,
67,69,70,71,73- ! gastroenteritis
75, 81, 83-85, 90
E 4 Respiratory, Acute resp.)lratc.)r}.l f:hsease, Yes
Ocular conjunctivitis
F 40, 41 Gastrointestinal Gastroenteritis No
G 52 Gastrointestinal Gastroenteritis Yes
Unclassified/No 76-78, 80, 82, 86—
record 89




processing (Weitzman, 2005). There is a single late transcription unit that is alternatively
spliced to yield five groups of mRNAs termed L1 through L5. Late mRNAs encode
products that are viral structural proteins or contribute to virion production (Nash and
Parks, 2017). Other transcription units expressed during intermediate timepoints of
infection, such as pIX and IVa2, perform structural functions or play a role in viral
packaging (Nash and Parks, 2017). In addition, some of the viral proteins are oncoproteins
capable of inducing cancer-like phenotypes. For example, the HAdV E1A oncoprotein is
capable of transforming many cell types (Whyte et al., 1988a) in conjunction with a second
oncoprotein, such as RAS, or the HAdV E1B oncoproteins. E4AORF1, another HAdV

protein (Javier, 1994), can influence host-cell metabolism.

1.5 Human Adenovirus Reprogramming of Host-cell
Metabolism

1.5.1.The Earliest Observations of Metabolic Changes due to HAdV
Infection

Shortly after adenoviruses were discovered in 1953 by Wallace Rowe and colleagues
(Rowe et al., 1953), the effects of HAdV infection on metabolism were explored in cell
culture (Figure 1.1). During these early investigations, similarities in metabolic
reprogramming between HAdV types were recognized (Fisher and Ginsberg, 1957; Levy
et al., 1957; Rozee et al., 1957). For example, HAdV species B type 7 (HAdVB-7) (Table
1.2) infection of HeLa cells (Table 1.3) was noted to exhibit increased lactic acid
production, likely due to an increase in glucose utilization, when compared to uninfected
HeLa cells (Rozee et al., 1957). This increased lactic acid production corresponded to a 2-
fold increase in lactate dehydrogenase activity in infected cells (Rozee et al., 1957). In
addition, the tricarboxylic acid (TCA) cycle was necessary for HAdVB-7 replication, as
inhibition of this pathway with sodium fluoroacetate decreased viral titre by 300% (Rozee
et al., 1957), serving as a precursor to the subsequent recognition of the importance of

glutamine and glutaminolysis for viral replication (Thai et al., 2014, 2015).

The upregulation of nucleotide biosynthesis by HAdV infection was also discovered in the

early years of HAdV research. In 1964, HAdV species C type 5 (HAdVC-5) (Table 1.2)
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Figure 1.1. Key advances in metabolism research, adenovirus research and
technology. These allowed for contemporary high-throughput studies on the effect of
HAAJV infection on cellular metabolism. The early 20th century featured many insights into
the basics of cellular metabolism. The discovery of HAdV and early studies on the effect
of HAdV on host-cell metabolism were performed in the 1950s. Little further research on
the influence of HAdV on cellular metabolism was performed until the 21st century, when
advances in metabolomic, proteomic and genomic technology allowed for thorough study

of host-cell metabolic changes.
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was found to cause a 2- to 3-fold increase in aspartate transcarbamylase activity at 18 hours
post infection (hpi) in HeLa cells (Consigli and Ginsberg, 1964). Aspartate
transcarbamylase activity is a function of the first enzyme in the pyrimidine biosynthesis
pathway, carbamoyl phosphate synthetase-aspartate transcarbamylase-dihydroorotase
(CAD) (Huang and Graves, 2003). In another paper from 1971, increased cellular lipid
metabolism, primarily triglyceride production, was associated with HAdVC-5 infection of
human embryonic kidney (HEK) cells (Table 1.3) (MclIntosh et al., 1971). As expected,
these lipids were not incorporated into the HAdVC-5 structure, since HAdV is a non-
enveloped virus (Mclntosh et al., 1971). As this increase in lipid metabolism could
similarly be induced by a UV-inactivated virus, a structural feature of the virus was
possibly responsible for the upregulation (Mclntosh et al., 1971). Indeed, exposure of the
cell to purified HAdV structural proteins indicated that the penton and penton-base
proteins, but not the fiber or hexon proteins, were at least partially responsible for this

increase in lipid metabolism (Mclntosh et al., 1971).

Many years passed between these initial observations and advances in high-throughput
metabolomics technology that allowed for the first metabolomics study of virus-infected
human cells in 2006 (Munger et al., 2006). Indeed, thorough metabolomic studies of HAdV
infected cells began in 2016 (Silva et al., 2016). These metabolomic studies of HAdV
infected cells will be discussed in the next section. Important relevant discoveries in
metabolism, HAdV virology and high-throughput metabolomics technologies are

summarized in the timeline depicted in Figure 1.1.

1.5.2.Metabolomic and Proteomic Analyses of Adenovirus Infection

Since 2016, many high-throughput metabolic studies on HAdV infected cells have been
performed. Key studies will be summarized in this section. Recent genomic and proteomic
studies of HAdV infected cells in the context of host-cell metabolic changes will also be

summarized.

An investigation using 'H-NMR spectroscopy looked for changes in 35 metabolite
concentrations in HEK293 (Table 1.3) and human amniocyte derived 1G3 cells (Table 1.3)
during infection with E1-region deleted HAdVC-5 (Silva et al., 2016). Although cells were
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Table 1.3. Cell lines used in studies of metabolism in HAdV infected cells. Unless

noted otherwise, all cell lines are human.

Cell Donor Date Cell Ti £ Origin Transformation
Line Characteristics Established Morphology ssueo 8 Status
HeLa Female—31 1951 (Gey et Epithelial Cerv1clal HPV transformed
years old al., 1952) adenocarcinoma
HEK! Fetus 19e7toa§/[1a9y7}$$ Epithelial Embryonic kidney Primary
1977 (Graham . L HAdV5 E1A
HEK293  Female—Fetus et al, 1977) Epithelial Embryonic kidney transformed
2015 (Silva et . L . HAdV5 E1A
2
1G3 Fetus al, 2015) Amniocyte Amniotic fluid transformed
Female —Fetus 1977 (Nichols . .
IMR-90 (16 weeks) et al, 1977) Fibroblast Lung Primary
Male—58 years 1973 (Giard et - Lung
A54 Epithelial T i d
549 old al., 1973) prthetia adenocarcinoma ranstorme
Female— 64 1973 (Fogh Ovarian
SKOV3 emale— and Trempe, Epithelial adenocarcinoma Transformed
years old i
1975) ascites
MCF10A Female—36 1990 (Line et Epithelial Fibrocystic breast S:pontanec?usly
years old al., 1990) mammary gland immortalized
NHBE Human?® N.A3 Epithelial Bronchial Primary
1973 (Green Embryonic — pre- Spontaneousl
3T3-L1 Mouse—Fetus and Kehinde, Fibroblast y . P .p . y
adipose immortalized
1974)
BRK Rat—Neonate N.A3 Epithelial Kidney Primary
1969
HS68 Newborn (Yateman, Fibroblast Foreskin Primary
1995)

1 Noted to be HeLa contaminated and is not the parent line of HEK293 cells; 2 Not to be confused

with the mouse-derived hybridoma of the same name; 3 Batch-specific.
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infected with an El-region deleted HAdVC-5, this study essentially measured the effects
of wild type HAdVC-5 infection as both HEK293 and 1G3 cells effectively complement
the viral defect by expressing the E1A and E1B regions of HAdVC-5. The main finding of
this study was that glucose consumption doubles and lactate secretion increases 4-fold

compared to respective uninfected cells (Silva et al., 2016).

This study also examined the effects of cell density on metabolic changes induced by
HAdVC-5 infections. Lower cell density at infection was associated with better HAdVC-
5 production and more extreme metabolic responses (Silva et al., 2016). Interestingly,
glutamine exhaustion was limiting for HAdV replication, especially at higher cell densities
(Silva et al., 2016). In addition, this study explored whether glutamine replenishment and
pH control with cells grown in a bioreactor yielded a similar metabolic phenotype upon
HAdVC-5 infection. The results of these experiments suggest that 1G3 cells are less reliant
on glutamine during infection (Silva et al., 2016). In short, cellular density at infection had
significant effects on metabolism (Silva et al., 2016) (Figure 1.2). While glucose
consumption trends were similar in both 1G3 and HEK293 cells, consumption and
production of other metabolites (Supplementary Table 1.1) could vary with cell type
(Figure 1.2B) and growth phase (Silva et al., 2016) (Figure 1.2C), especially when the
slower replication rate of HAdV in primary cells is considered (Crisostomo et al., 2019;

Granberg et al., 2006; Miller et al., 2007).

Another study measured the metabolic flux of [1,2-13C] glucose and [U-'*C] glutamine in
1G3 cells infected with El-deleted HAdVC-5, conditions which again essentially
recapitulated a wild type HAdVC-5 infection [46] (Supplementary Table 1.1). In 1G3 cells
infected with HAdVC-5 during exponential growth, glycolysis was upregulated by 17%,
as evidenced by higher '*C incorporation in glycolytic intermediates than TCA cycle
intermediates, with a corresponding 4-fold increase in the pentose phosphate pathway
(PPP) [46]. Lactate production also increased with glucose production, as observed in other
studies (Silva et al., 2016; Thai et al., 2014). Increases in other metabolites, such as amino

acids, under these conditions are shown in Supplementary Table 1.1

That study also reported an interesting 2-fold increase in acetyl-CoA production from



A  Cell Density at Infection B

High Vs Low

Primary

More Metabolically
Active After Infection

Less Metabolically
Active After Infection

D Infection Time
Early Vs Late

o

Oh 6h 12h 18h 24h

More Metabolically Active Less Metabolically Active
/" Glycolysis Dedicated Nucleotide Synthesis
/> Amino Acid Metabolism  IPentose Phosphate Pathway
“MNucleotide Synthesis Begins Glycolysis Persists

Cell Type C

o]
OB N ¢

Less Metabolically
Active After Infection

Growth Phase

Exponential  vs

=

Immortalized Stationary

More Metabolically
Active After Infection

More Metabolically

E Adenovirus Type
E40RF1-containing Vs E40RF1-lacking
o~ S S~ S
e 1 ~ e 1 ~
|
HAdVA NP HAdVC
P
| HAdVF
7 HAdvB v
HAdVD HAdVE

Net effect on amount of overall metabolic activity uncharacterized

14

Less Metabolically
Active After Infection  Active After Infection



15

Figure 1.2. Factors influencing host-cell metabolism with HAdV infection. (A) HAdV
induced changes in cellular metabolism are less drastic in cells infected at a high cellular
density in comparison to cells infected at a low cellular density (Silva et al., 2016). (B) Cell
type can influence the metabolic reprogramming enacted by HAdV. Primary cells are
usually slower growing than immortalized cells, which is reflected in a lower metabolic
rate. Although metabolism is changed across various cell types upon HAdV infection
(Silva et al., 2016), the rate of that change is likely faster in immortalized cells and
contributes to rapid viral replication in immortalized cells (Crisostomo et al., 2019;
Granberg et al., 2006; Miller et al., 2007). However, even among immortalized cells, those
with a phenotype more closely resembling the Warburg effect appear primed for HAdV
replication and experience more drastic metabolic changes than immortalized cells with a
metabolic phenotype reliant on oxidative phosphorylation (Dyer et al., 2018). (C) Growing
and dividing cells infected with HAdV show more drastic metabolic changes than infected
quiescent cells (Carinhas et al., 2017). (D) The metabolic profile of HAdV infected cells
changes throughout the course of infection (Valdés et al., 2018). Initially, HAdV infected
cells typically exhibit upregulated glycolysis, amino acid metabolism and nucleotide
biosynthesis pathways (Valdés et al., 2018). Towards the later stages of infection, HAdV
infected cells still perform glycolysis, but the majority of metabolic activity is directed
towards nucleotide biosynthesis and an upregulation of the PPP occurs (Valdés et al.,
2018). (E) Different HAdV types regulate metabolism through mechanisms related to the
functions of HAdV E4ORF1 proteins. Some HAdAV types (e.g., HAdVF-40) do not have
E40RF1 and clearly rely on other HAdV proteins to regulate metabolism (Guissoni et al.,
2018). E1A, which also varies among HAdV types, is another potential regulator of cell
metabolism during infection (Ferrari et al., 2014; Pelka et al., 2011; Zhao et al., 2017).
Created with BioRender.
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citrate (Carinhas et al., 2017), a process associated with fatty acid biosynthesis. Increased
lipid biosynthesis is a logical requirement for enveloped viruses, and both enveloped and
non-enveloped viruses can increase lipid biosynthesis for the expansion of membrane
bound viral replication compartments (reviewed in (Chukkapalli et al., 2012; Heaton and
Randall, 2011)). However, HAdV replication compartments are located in the nucleus and
are not surrounded by a membrane (Hidalgo et al., 2016). This leaves the reasons for the

potential increase of lipid biosynthesis during HAdV infection unclear.

While overall metabolic activity was increased in 1G3 cells infected with HAdVC-5 during
stationary phase, which was induced by a combination of cell confluency and serum
deprivation for 36 hours, these metabolic changes were different compared to 1G3 cells
infected during exponential growth (Carinhas et al., 2017). Metabolic changes that
occurred in infected stationary 1G3 cells included a 1.5-fold increase in glutamine
catabolism (Carinhas et al., 2017), which serves to replenish TCA cycle intermediates
when they might be limited due to the conversion of pyruvate to lactate by the Warburg
effect (DeBerardinis et al., 2007). A corresponding 1.5-fold increase in the TCA cycle itself
also occurred in infected stationary 1G3 cells (Carinhas et al., 2017). Glucose consumption
in HAdVC-5-infected stationary 1G3 cells increased, with a corresponding increase in
lactate production (Carinhas et al., 2017). Production of specific amino acids also increased
(Supplementary Table 1.1) (Carinhas et al., 2017). An increase in acetyl-CoA production
from citrate was observed with HAdVC-5 infection of growth arrested 1G3 cells (Carinhas
et al., 2017). However, the PPP was not stimulated and overall HAdVC-5 production
decreased 4-fold when compared to exponentially growing HAdVC-5-infected 1G3 cells
(Carinhas et al., 2017).

The metabolic state of HAdV infected cells also changes longitudinally (Figure 1.4D). A
study analyzing changes in cellular protein expression of HAdV species C type 2 (HAdVC-
2) (Table 1.2) infected growth-arrested IMR-90 cells (Table 1.3) at 6, 12, 24 and 36 hpi
identified a variety of metabolism related proteins with differential expression throughout
infection. Early during infection, starting at 6 hours and persisting through to 12 hpi,
proteins encoding enzymes involved in glycolysis and de novo purine and pyrimidine

synthesis were upregulated (Valdés et al., 2018). The upregulation of glycolytic and
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nucleotide biosynthesis proteins persisted through to the later 24 and 36 hpi time points
(Valdés et al., 2018). Unique to the 6 and 12 hour time points was an upregulation of
proteins involved in glutathione metabolism (Valdés et al., 2018) (Supplementary Table
1.2), which is responsible for detoxifying reactive oxidative species, perhaps generated as
a result of virus infection (Li et al., 2017). An analysis of upregulated pathways indicated
that at the earliest time point (6 hpi) serine glycine biosynthesis (Supplementary Table 1.2),
and mannose metabolism (Supplementary Table 1.2) were upregulated (Valdés et al.,
2018). The serine glycine biosynthesis pathway converts 3-phosphoglycerate into serine,
and eventually glycine (Yang and Vousden, 2016), which could account for some of the
increased intracellular amino acid concentrations noted in the two studies mentioned above
(Carinhas et al., 2017; Thai et al., 2015). Mannose metabolism is responsible for
contributing to protein glycosylation (Ichikawa et al., 2014; Sharma et al., 2014). Later, at
12 hpi, proteins involved in fructose galactose metabolism (Supplementary Table 1.2) were
upregulated and likely contribute to the upregulated glycolysis occurring at all time points
(Valdés et al., 2018). There were also two enzymes from the PPP that were upregulated at
12 hpi (Supplementary Table 1.2). At 24 hpi, most proteins involved in the PPP were
upregulated, although the authors did not find any changes in mRNA expression for PPP
genes (Valdés et al., 2018). This may be due to changes in expression based on cell type
and/or differences in infection timing between these two studies. At 24 hpi, a few proteins
involved in serine glycine biosynthesis continued to be upregulated (Supplementary Table
1.2), which could contribute to the production of glycine used for purine biosynthesis

(Yang and Vousden, 2016).

In the same study, an analysis of putative transcription factors regulating the expression of
metabolic genes during HAdV infection indicated that MY C was significantly upregulated
at all time points (Valdés et al., 2018). Another transcription factor potentially responsible
for the upregulation of metabolic genes in HAdV infection was E2F1 (Valdés et al., 2018).
The ATF/CREB family of transcription factors were also upregulated (Valdés et al., 2018).
ATF/CREB transcription factors are responsible for upregulating metabolism (Desvergne
et al., 2006) and are also known targets of E1A (Flint and Shenk, 1989; Lee et al., 1996;
Liu and Green, 1990). Finally, the transcription factor NRF2, which has metabolism

associated regulatory functions (Hayes and Dinkova-Kostova, 2014), was potentially
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responsible for the expression of a wide variety of metabolic genes at all time points during
HAGJV infection (Valdés et al., 2018). The metabolic functions of NRF2 include inhibiting
lipogenesis, activating fatty acid oxidation, influencing the PPP, as well as enhancing

purine biosynthesis and NADPH production (Hayes and Dinkova-Kostova, 2014).

Another study compared the effects of infection with HAdVC-5, wild-type HAdAV species
B type 11p (HAdVB-11p) (Table 1.2), and an oncolytic HAdV, enadenotucirev (EnAd,
formerly ColoAdl), on metabolism of A549 cells (Table 1.3) and SKOV3 ovarian
carcinoma cells (Table 1.3) (Dyer et al., 2018). HAdV infection increased glycolysis and
glutaminolysis (Dyer et al., 2018), as expected (Carinhas et al., 2017; Thai et al., 2014,
2015; Valdés et al., 2018). However, counterintuitively, the authors found that inhibiting
glycolysis with 2-deoxyglucose (2DG) or limiting glucose availability increased viral
genome replication and packaging efficiency in both A549 cells and SKOV3 cells (Dyer
et al., 2018). Inhibition of glycolysis in SKOV3 cells, which, unlike A549 cells, exhibit a
metabolic phenotype that does not resemble the Warburg effect (Hatzivassiliou et al.,
2005), also increased the speed of EnAd and HAdVB-11p viral replication and progeny
production (Dyer et al., 2018). Glucose limitation is hypothesized to be beneficial to the
expression of late proteins during HAdV infection, which could explain why HAdV
progeny production was increased with 2DG (Dyer et al., 2018). These results were
maintained when viral replication was measured in SKOV3 cells lacking functional
endogenous glycolysis, in primary human ascites cells and an in vivo xenograft mouse
model treated with 2DG (Dyer et al., 2018). Furthermore, A549 cells grown in glutamine
limiting conditions had a 1 x 10°-fold reduction in the production of infectious EnAd or
HAdVB-11p virions (Dyer et al., 2018). These results indicate that glycolysis is
expendable, and perhaps even detrimental to viral replication at higher levels. However,
HAAJV infected cells generally require glutamine, but the extent to which glutamine is
required may vary with HAdV type, as HAdVC-5 did not appear to have a similar
dependence (Dyer et al., 2018).

When a variety of other TCA cycle intermediates were supplemented to glutamine limited
A549 or SKOV3 cells infected with EnAd, only o-ketoglutarate, not oxaloacetate or
pyruvate, was able to completely rescue HAdV virion production (Dyer et al., 2018). This
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suggests that rather than wholly being used to fuel the TCA cycle, glutamine may also be
broken down to a-ketoglutarate, which is used for production of other macromolecules

required for viral replication, including amino acids and/or lipids.

An LC-MS proteomic study of A549 cells infected at confluency with HAdV species F
type 40 (HAdVF-40) (Table 1.2) and examined at 30 hpi indicated that 206 host-cell
proteins were upregulated and 130 host-cell proteins were downregulated by infection
(Guissoni et al., 2018). Many of these were involved in metabolism and energy production
pathways. Specifically, these included glycolysis, the TCA cycle, cellular respiration, beta-
oxidation, the PPP, and amino acid metabolism (Guissoni et al., 2018). Interestingly, the
authors observed higher mitochondrial activity in HAdVF-40 infected cells (Guissoni et
al., 2018). In addition, two glycolytic proteins upregulated by HAdVC-5 infection, HK2
and PFKM, were not induced in HAdVF-40 infected cells (Guissoni et al., 2018). HAdVF-
40 does not encode an E4ORF1 equivalent, which may explain why these two specific
glycolytic enzymes are not upregulated by HAdVF-40 infection (Guissoni et al., 2018).
This also suggests that, despite E4AORF1 being the only HAdV protein currently implicated
in transcriptionally regulating metabolism upon infection, HAdV proteins other than
E40ORF1 contribute to transcriptional regulation of host-cell metabolism gene expression

(Figure 1.2E).

1.5.3.E40RF1 Positively Regulates Glycolysis and Glutamine
Catabolism

The only concrete mechanism by which adenovirus is currently known to regulate host-
cell metabolism is through its E4ORF1 protein (Thai et al., 2014, 2015). EAORF1 is a viral
oncoprotein that can transform rat embryonic fibroblasts through its C-terminal PDZ-
binding domain (Chung et al., 2007; Javier, 1994). This PDZ-binding domain binds host-
cell PDZ domain proteins and mediates the activation of PI3K and AKT, leading to
oncogenic transformation (Chung et al., 2007). However, the ability of EAORF1 to regulate
glycolysis is independent of this C-terminal domain (Thai et al., 2014).

Thai et al observed that MCF10A breast epithelial cells (Table 1.3) infected with wild type

HAdVC-5 had increased glucose consumption and increased lactate production compared
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to uninfected cells (Thai et al., 2014) (Supplementary Table 1.1). These metabolic changes
were accompanied with decreased oxygen consumption and presumably less oxidative
phosphorylation compared to uninfected cells (Thai et al., 2014). Thai et al found that cells
infected with a non-replicating AE4 HAdVC-5 mutant did not have increased glycolysis or
decreased oxidative phosphorylation (Thai et al., 2014). When MCF10A cells were
engineered to express the adenovirus E4 region alone, glycolysis was increased, as
indicated by increased glucose consumption and lactate production (Thai et al., 2014).
However, oxidative phosphorylation was not affected, as there was no change in oxygen
consumption in these cells (Thai et al., 2014). EAORF1 was identified to be the viral protein
responsible for these metabolic changes, but these changes were enhanced in the presence
of E4AORF6, which is known to have a stabilizing effect on E4AORF1 (Thai et al., 2014).
Microarray with gene set enrichment analysis (GSEA) in MCF10A cells constitutively
expressing E4ORF6 and transfected with either E4ORF1 or an empty vector identified
genes regulated by MYC as being particularly upregulated by EAORF1 (Thai et al., 2014).
This MY C upregulation agrees with another high throughput study looking at transcription
factors regulated by HAdV infection (Valdés et al., 2018). Chromatin immunoprecipitation
quantitative polymerase chain reaction (ChIP-qPCR) analysis indicated that MY C binding
to glycolytic genes was increased in E4ORF1 transfected cells and E4ORF1 was also found
bound to some glycolytic genes (Thai et al., 2014) (Figure 1.3). E4AORF1 formed a physical
interaction with MYC, supported by E4ORF6, and this increased MYC localization to the
nucleus (Thai et al., 2014). These changes corresponded to increased HK2 and PFKM1
mRNA levels in E4ORF1-expressing cells (Thai et al., 2014). In agreement with this, A549
cells infected with HAdVF-40, which does not contain E4ORF1, do not exhibit elevated
levels of HK2 or PFKM protein (Guissoni et al., 2018).

Thai et al identified that E4ORF1 was responsible for regulating metabolic changes, as a
point mutation in this viral protein, D68A, abrogated all of the metabolic changes
associated with E4ORF1 in both vector transfection and mutant virus infection (Thai et al.,

2014). shRNA knockdown of MYC also abrogated the glycolytic metabolic changes
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Figure 1.3. Schematic of how E4ORF1 contributes to MYC-regulated transcription
of genes involved in glycolysis. EAORF1 binds to MYC, enhancing the transcriptional
activity of MYC, leading to increased transcription of metabolic genes such as HK2 and
PFKM1 (Thai et al., 2014). E4AORF1 can also bind glycolytic genes, which may be how
E4ORFI1 brings MYC into proximity of these target genes. EAORF6 appears to play a
scaffolding role and enhances E4ORF1 binding to MYC, although E4ORF6 does not
appear to bind MYC or glycolytic genes itself (Thai et al., 2014). Created with BioRender.
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associated with E4ORF1 during HAdV infection (Thai et al., 2014). In addition, MYC
knockdown decreased viral titre, providing evidence that metabolic changes do indeed
enhance virus yield during infection (Thai et al., 2014). Interestingly, viral titre from cells
infected with EAORF1-D68A mutant HAdVC-5 was only lower in infected HeLa cells, but
not in infected MCF10A cells. Thai et al attribute this to the higher glycolytic activity of
MCF10A cells (Thai et al., 2014).

Finally, increased nucleotide metabolism is one of the consequences of upregulated
glycolysis. Thai et al traced carbon from 3C-labelled glucose to nucleotides during wild
type HAdVC-5 infection in normal human bronchial epithelial cells (NHBE) (Table 1.3).
Increased '*C incorporation into nucleotides did not occur during infection with HAdVC-
5 E4AORF1-D68A (Thai et al., 2014). Correspondingly, transcripts of RPIA and RPE, two
genes involved in the non-oxidative branch of the PPP, were only upregulated in cells
infected with wild type HAdVC-5, but not HAdVC-5 E4ORF1-D68A (Thai et al., 2014).
This upregulation of the PPP with an increase in glycolysis matches the observations in
another high throughput metabolomics study (Carinhas et al., 2017). However, a second
high throughput metabolomics study found no changes in mRNA levels for any PPP genes
(Valdés et al., 2018).

In a follow-up study, HAdVC-5 infection of NHBE was associated with increased
glutamine consumption during early infection (Supplementary Table 1.1), which occurred
at approximately 8 to 12 hpi (Thai et al., 2015). This increased consumption was abrogated
by shRNA knockdown of MYC, or infection with the non-MYC binding E4AORF1-D68A
mutant adenovirus (Thai et al., 2015). miRNAs miR-23a and miR-23b, which are
associated with decreased glutaminase expression, were also downregulated starting at 90
minutes post wild type HAdVC-5 infection (Thai et al., 2015). LC-MS/MS U-!3Cs-
glutamine labelling indicated that HAdVC-5 infected cells had a pattern of carbon labelling
that corresponded to reductive carboxylation (Thai et al., 2015). Reductive carboxylation
is the carboxylation of a-ketoglutarate, produced from glutamine, to citrate. This citrate
can be used to produce lipids from interconversion to acetyl-CoA or fuel the TCA cycle

(Mullen et al., 2012). mRNA transcripts associated with reductive carboxylation were also
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upregulated with HAdVC-5 infection (Thai et al., 2015), but not in HAdVC-5 E40RF1
D68A mutant infections (Thai et al., 2015).

Further emphasizing the importance of glutamine during HAdVC-5 infection, transcripts
for glutamine transporter genes SLC1A5 and SLC7A45 were higher in HAdVC-5 infected
cells (Thai et al., 2015). These transporters exchange glutamine for other amino acids.
There were higher intracellular concentrations of both essential and non-essential amino
acids in HAdVC-5 infected NHBE cells as compared to uninfected or HAdVC-5 E4AORF1-
D68A mutant infected cells (Thai et al., 2015). Increases in intracellular amino acid
concentrations (Supplementary Table 1.1) matched what was observed in another high
throughput metabolomics study (Carinhas et al., 2017). Concentrations of amino acids
likely increase to provide substrates required for virus replication. Another pathway
associated with HAdVC-5 infection-induced glutamine metabolism is hexosamine
biosynthesis (Thai et al., 2015), which produces UDP-GIcNAc. UDP-GIcNAc can be used
for O-GlcNAc protein modification to alter the activity of metabolic enzymes, such as
those involved in glycolysis (Hanover et al., 2018). The importance of glutamine for
adenovirus replication is also emphasized by the ability of CD-839, an inhibitor of
glutaminase, to reduce HAdVC-5 replication at least 80-fold (Thai et al., 2015). However,
whether any of these changes in glutamine metabolism are linked to HAdVC-5-infection

induced decreases in oxidative phosphorylation remains to be explored.

1.5.4.E1A as a Regulator of Cellular Metabolism During Infection

Although E4ORF1 is the only HAdV protein with conclusive transcriptional effects on
cellular metabolism, these studies suggest that at least one other HAdV encoded metabolic
regulator exists (Thai et al., 2014). The HAdV oncoprotein E1A has been shown to interact
with a wide variety of host-cell proteins that are capable of influencing metabolism
independently of an interaction with E1IA (King et al., 2018; Nicolay and Dyson, 2013;
Pelka et al., 2008; Stine et al., 2015; Zhao et al., 2017). In addition, because E1A is the
first HAdV protein expressed during infection, it seems to be ideally positioned to establish

early changes in cellular metabolism during HAdV infection.
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Perhaps one of the first studies which suggested that E1A could influence cellular energy
metabolism was performed in 1990 (Kaddurah-Daouk et al., 1990). Expression of creatine
kinase B, an enzyme responsible for maintaining cellular ATP levels (Schlattner et al.,
2016), was shown to be induced by E1A (Kaddurah-Daouk et al., 1990). This report
represents the first suggestion that E1A may be responsible for inducing a cancer-like
metabolic phenotype in human cells during infection. Another paper, published at roughly
the same time, indicated that EIA was capable of inducing expression of thymidylate
synthase, linking E1A to metabolic changes related to increased DNA synthesis (Zerler et
al., 1987).

A thorough metabolomic and transcriptomic study of IMR-90 cells transformed with E1A
in conjunction with RAS revealed that glucose consumption and lactate secretion
increased, as did glutamine consumption and glutamate secretion with transformation
(Supplementary Table 1.1) (Madhu et al., 2015). The authors of this study elected to use
E1A and RAS to study transformation as E1A alone only immortalizes, but does not
transform, IMR-90 cells (Madhu et al., 2015). This is a caveat for the interpretation of this
study towards the role of E1A in HAdV infection, as some of metabolic effects observed
may be mediated by RAS rather than EIA. Consumption and secretion of certain
carboxylic acids and amino acids increased with transformation, as assayed from the
extracellular media (Supplementary Table 1.1) (Madhu et al., 2015). A comparison of
intracellular metabolites between E1A/RAS transformed IMR-90 cells versus wild type
IMR-90 cells indicated that E1A/RAS transformed IMR-90 cells were much more
metabolically active (Madhu et al., 2015). Intracellular glucose and pyruvate levels were
lower in E1A/RAS transformed IMR-90 cells, as were concentrations of amino acids
(Supplementary Table 1.1) (Madhu et al., 2015). While lower intracellular concentrations
of amino acids stand in contrast to what was observed in the context of wild type HAdVC-
5 infection by Thai et al (Thai et al., 2015), the increase in extracellular glutamine
consumption is consistent with a number of papers examining metabolic changes due to
HAdV infection (Silva et al., 2016; Thai et al., 2015). Despite lower intracellular
concentrations of amino acids, E1A/RAS transformed IMR-90 cells had increased amino

acid consumption (Supplementary Table 1.1) (Madhu et al., 2015). Another indicator that



25

E1A/RAS transformed IMR-90 cells were more metabolically active than wild type IMR-
90 cells was the increase in the phosphocreatine to creatine ratio observed in transformed
cells (Madhu et al., 2015). This ratio is a proxy for the cellular ATP/ADP ratio and energy
state (Madhu et al., 2015). The higher metabolic activity of E1A/RAS transformed IMR-
90 cells was further emphasized by the number of significant internal metabolite
correlations within transformed cells (Madhu et al., 2015). There were 72 positive internal
correlations and 92 negative internal correlations between the measured intracellular
metabolites of EIA/RAS transformed IMR-90 cells, versus 23 positive internal
correlations and 26 negative internal correlations in wild type IMR-90 cells (Madhu et al.,
2015). The number of internal correlations is indicative of the number of perturbed

metabolic pathways (Urbanczyk-Wochniak et al., 2007).

One of the unique correlations among metabolites upregulated in E1A/RAS transformed
cells was a positive correlation between the levels of choline, involved in cell membrane
structure (Ridgway, 2013), and the levels of the amino acids isoleucine, leucine,
phenylalanine, tyrosine and lysine (Madhu et al., 2015). In addition, changes in
phosphocholine, another component of cell membrane formation (Ridgway, 2013), was
positively correlated with changes in isoleucine, leucine, phenylalanine, tyrosine and lysine
(Madhu et al., 2015). It is unclear whether this increase in membrane metabolism
components is specific to EIA/RAS transformed cells or is more widely applicable to
HAdV infection, even though HAdV is a non-enveloped virus. However, choline
consumption was increased in both HAdV infected HEK293 and 1G3 cells as discussed
above (Supplementary Table 1.1) (Silva et al., 2016), which may point to an upregulation

of cell membrane-component metabolism due to E1A in the context of HAdV infection.

Expression of genes involved in amino acid catabolism in the mitochondria, consistent with
amino acid use as a significant energy source, were also upregulated in E1A/RAS
transformed IMR-90 cells (Supplementary Table 1.2) (Madhu et al., 2015). Other genes
encoding components of amino acid metabolism were similarly upregulated
(Supplementary Table 1.2) (Madhu et al., 2015). In addition, genes involved in glucose
metabolism were significantly increased in EIA/RAS transformed IMR-90 cells
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(Supplementary Table 1.2) (Madhu et al., 2015). Gene correlation analysis within
E1A/RAS transformed IMR-90 cells indicated that expression of these amino acid
catabolism genes, for example BCKDHA, were positively correlated with certain genes
involved in the TCA cycle, such as SUCLGI, IDH3B and certain glycolytic genes, such as
ALDOC (Madhu et al., 2015). In a number of ways, the phenotype observed with IMR-90
transformation by E1A/RAS follows the traditional definition of the Warburg effect, which
is an upregulation of glycolysis and a downregulation of oxidative phosphorylation despite
the presence of ample oxygen (Racker, 1972; Warburg, 1925; Warburg et al., 1927).
However, the increased consumption and potential utilization of amino acids as an energy
source in E1A/RAS transformed IMR-90 cells indicate that oxidative phosphorylation
through amino acid catabolism is another important metabolic pathway with nuanced
regulation (Madhu et al., 2015). The increase in glycolysis and glutaminolysis occurring
from E1A/RAS transformation is very similar to the increase in glycolysis and
glutaminolysis attributed to the E4ORF1 protein of HAdV (Thai et al., 2014, 2015). It is
an interesting possibility that E1A contributes to cellular metabolic changes during HAdV
infection in a manner similar to, but independent of, E4ORF1. If this question were to be
examined, one confounding consideration would be that E1A is responsible for inducing
transcription of E4ORF1, in addition to its role in modulating expression of many host-cell

proteins during infection (King et al., 2018; Nevins, 1981).

The interaction of E1A with host-cell proteins that can influence metabolism is also
important when considering the role of E1A in host-cell metabolic reprogramming (Figure
1.4). Like E4ORF1, E1A is capable of influencing MYC activity (Zhao et al., 2017).
However, this occurs indirectly via the interaction of E1A with the TRRAP protein of the
NuA4 histone acetyltransferase complex, leading to increased transcription of MYC
regulated genes (Figure 1.4A) (Zhao et al., 2017). An RNA-seq analysis of HS68 primary
human foreskin fibroblast cells (Table 1.3) transduced with the TRRAP interacting region
of ElA, indicated that 140 metabolic genes were upregulated, according to the
supplementary data from that study (Zhao et al., 2017). An additional 92 metabolic genes
were upregulated in conjunction with an interaction of E1A with p300 (Figure 2.6B), again

extrapolated from the supplementary data of that paper (Zhao et al., 2017).
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Figure 1.4. Putative mechanisms by which HAdV E1A regulates transcription of host-
cell metabolic genes based on models derived from the literature. (A) E1A can regulate
metabolic gene expression through an interaction with the transcription factor MYC. E1A
binds TRRAP, part of the NuA4 complex, which in turn is bound to MYC leading to
increased transcription of metabolic genes (Zhao et al., 2017). PFKM and LDHB are two
examples of transcripts that may be regulated due to this interaction based on
supplementary data from Zhao et al. (Zhao et al., 2017). (B) The same paper indicated that
E1A may be bound to p300 in addition to TRRAP and MYC leading to the expression of
other E1A-regulated genes (Zhao et al., 2017). Again, CYP11A1l and ALG6 are two
examples of metabolic genes potentially regulated by this interaction based on
supplementary data from Zhao et al. (Zhao et al., 2017). (C) EIA can bind to pRB and
release the inhibition of E2F-mediated gene transcription by pRB (Ferrari et al., 2014).
PRPS2 and PLPP3 are examples of two metabolic genes with decreased expression in a
HAdVC-5 infection with a non-pRB binding E1A mutant compared to wild type infected
cells and therefore could rely on the pRB-binding of E1A for expression during infection
(Ferrari et al., 2014). (D) EIA may also mediate the expression of E2F regulated genes
through an interaction with DP1, which itself can bind to E2F and activate transcription
(Pelka et al., 2011). No specific transcripts are shown, as this study by Pelka et al. did not
include an RNA-seq component (Pelka et al., 2011). (E) Finally, an interaction between
E1A, p300 and pRB may inhibit transcription of metabolism related genes through histone
deacetylation (Ferrari et al., 2014). GK and AKRIC3 are two genes that may be regulated
by E1A binding to p300 (Ferrari et al., 2014). Image created with BioRender.
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In addition to the targets listed above, E1A can influence the E2F family of transcription
factors via its interaction with their negative regulator pRb and pRb family members
(Figure 1.4C) (Whyte et al., 1988b), or via a direct interaction with the DP-1 binding
partner of the E2Fs (Figure 1.4D) (Pelka et al., 2011). It is well established that E1A
sequesters pRb from E2F, leading to E2F activation. A study of transcriptional regulation
by E1A indicated that the resulting E2F activation upregulates genes involved with RNA
metabolism and biopolymer (macromolecule) metabolism in the host cell (Ferrari et al.,
2008). Additionally, E2F1 has been reported to influence oxidative phosphorylation and
glycolysis (Nicolay and Dyson, 2013). Another comprehensive RNA-seq study of IMR-90
cells infected with a HAdVC-5 E1A mutant virus deficient for pRB binding, showed an
upregulation of one metabolic gene, TRIBI (fold-change > 2) and a downregulation of
approximately 89 metabolic genes (fold-change < 2) compared to wild type HAdVC-5
infected cells, as extrapolated from the supplementary RNA-seq gene list of that paper
(Ferrari et al., 2014). This suggests that pRB binding by E1A likely contributes to the
regulation of these genes. This agrees with a high throughput study examining transcription
factors potentially altered by HAdV infection, which found that E2F1 activity was
increased (Valdés et al., 2018).

Additionally, extrapolation of data from an RNA-seq analysis of IMR-90 cells infected
with a HAdVC-5 E1A mutant virus deficient for p300 binding, indicated that 13 metabolic
genes were upregulated (fold-change > 2) and 5 metabolic genes were downregulated
(fold-change < 2) when compared to wild type HAdVC-5 infected cells (Ferrari et al.,
2014). Again, this suggests that the interaction of E1A with p300 (Figure 1.4E) modulates
host-cell metabolism during infection. Due to the paucity of studies looking at metabolic
effects of HAdV E1A, it seems that additional investigations of this area are clearly
warranted. However, the interactions of E1A with MYC, pRB/E2F and p300 are an

interesting starting point for understanding how E1A influences host-cell metabolism.

1.6 Human Adenovirus and Cancer

Although HAdV has not been conclusively identified as an etiological agent of human

cancers, the presence of HAdV DNA has been identified in some human cancers (Kosulin
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et al., 2007, 2013, 2014; Kuwano et al., 1997). However, whether this is at all significant
to human oncogenesis is unknown. Despite this, as HAdV robustly transforms rodent cells
(Trentin et al., 1962), it was important for elucidating many of the general mechanisms by
which DNA tumour viruses transform cells. The main oncoproteins of HAdV are the E1
proteins, E1A and E1B, and some of the E4 proteins (Ip and Dobner, 2019). Interestingly,
either E1A or E1B alone are insufficient to transform rodent cells. Both E1A and the E1B-
19K and/or E1B-55K proteins are required for a transformation event in rodent cells (Elsen
et al., 1983; Gallimore et al., 1986), although E1A alone can immortalize rodent cells
(Braithwaite et al., 1983; Houweling et al., 1980). Note that immortalization refers to the
ability of a cell to divide indefinitely, but is not necessarily associated with alterations to
cell growth and differentiation pathways that are typical of cancerous cells. Transformation
refers to a cell that is not only immortalized, but has altered cellular processes that are
characteristic of the hallmarks of cancer (Hanahan and Weinberg, 2000). E1A can enact its
complex regulation of cellular processes related to growth and division through interactions
with host cell molecular hub proteins that can modulate a broad range of host cell functions
(King et al., 2018). For this reason E1A itself is termed a viral molecular hub protein (Pelka
et al., 2008). E1B is indispensable for transformation in conjunction with E1A because it
counteracts the apoptotic pathways activated by E1A, such as the p53 tumour suppressor

pathway (Debbas and White, 1993), allowing the transformed cell to proliferate unchecked.

As for the E4 proteins, E4orfl from species D HAdV has been noted to have oncogenic
potential in rodent cells, but this effect of E4orfl is absent from species A, B or C HAdV
(Thomas et al., 1999). PI3K signalling is an important component of how E4orfl mediates
its oncogenicity as E4orfl contains a PDZ domain that interacts with proteins that in turn
influence PI3K (Frese et al., 2003). E4orf3 and E4orf6 can also assist HAdV oncogenic
transformation as they can inhibit a variety of tumour suppressor proteins (Nevels et al.,
1999a, 2000). As modulation of metabolism is a process that is indispensable to cancer cell
growth and proliferation, these HAdV oncoproteins can also influence cellular metabolism.
E1A may contribute to the control of cellular metabolism during infection both on a
functional level and through altering the expression of mRNA transcripts related to central

metabolic pathways. Chapter 2 is an investigation into how E1A may influence cellular
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metabolism in a manner that closely resembles the metabolic program typical of cancer

cells.

1.7 Overview of Human Papillomavirus Proteins

Human papillomavirus is a non-enveloped virus, with a circular genome of approximately
8 kb. There are over 200 HPV types across at least 50 families. These families are al-15,
with no HPV types assigned to the a12 family, B1-5, y1-27, ul1-3, and v1 (Table 1.4). HPV
families and types are assigned based on the identity of the L1 major capsid protein
sequence. A range of 60% to 70% identity defines a species, and greater than 70% identity
defines a type (De Villiers et al., 2004). HPV infects either cutaneous or mucosal tissue,
depending on the HPV family and type. While HPV infections generally result in minor
skin warts or genital warts, which are cleared in months to years within an
immunocompetent individual; however, a small percentage of HPV infections in
individuals infected with a high-risk HPV type in mucosal tissue in the oropharynx or
anogenital region can progress into head and neck cancer or anogenital cancers, with
cervical cancer in women being the most common (de Martel et al., 2017). Indeed, HPV is
the cause of nearly all cases of cervical cancer in women (Walboomers et al., 1999). In
addition, HPV is responsible for a portion of anal cancers, vaginal cancers, vulval cancers
and penile cancers (de Martel et al., 2017). HPV16 and HPV 18 are the high risk HPV types
responsible for the majority of these cancers (Michaud et al., 2014).

HPV viral proteins can be classified as early proteins or late proteins depending on whether
their transcription is under the control of the HPV early or late promoter. Proteins encoded
by genes under control of the HPV early promoter include E1, which is an ATPase-
dependent helicase (Bergvall et al.,, 2013); E2, which is capable of regulating the
transcription of other HPV-encoded genes (McBride, 2013); E4, which commonly occurs
as an E17°E4 fusion protein, and has functions related to virus release and transmission
(Doorbar, 2013); ES, which is a transmembrane protein that can be found localized in
various intracellular membranes, including the Golgi apparatus, the endoplasmic reticulum

and nuclear membranes (DiMaio and Mattoon, 2001). ES5 is responsible for activating
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Table 1.4 Different HPV species and associated types, tissue tropisms and clinically

associated infections. The last column indicates whether the species includes HPV types

that are the causative agent of a high number of head and neck or genitourinary cancers.

Tissue Cancer
i HPV T A i Infecti
Species ypes Tropism ssociated Infections Risk
Alpha-1 32,42 Mucosal Focal Epithelial Hyperplasia (Heck’s Disease) Low
3,10, 28,29, 77,
o Flat Wart: Warts, Epid dysplasi
Alpha-2 78,94,117,125,  Cutaneous o Warts Common Warts, Epidermodysplasia
Verruciformis
160
61, 62,72,81, 83
M 1 ical Int ithelial lasi t
Alpha-3 84,86, 87, 89, 102, ucosal/ Cerlvma ntraepithelial Neoplasia, Cutaneous Low
Cutaneous Lesions
114
Alpha-4 227,57 Mucosal/ CoanOH Warts,. Plar}tar Warts, .Flat Warts, Low
Cutaneous Cervical Intraepithelial Neoplasia
Alpha-5 26,51, 69, 82 Mucosal/ CoanOH Warts,. Flat. Warts, GeITital Warts, Lc?w/
Cutaneous Cervical Intraepithelial Neoplasia High
Alpha-6 30, 53, 56, 66, Mucosal Cervlical Intraepi’fhelial N?oplasia, Invasive High
Carcinoma, Cervical Carcinoma
18, 39, 45, 59, 68, Cervlical Intraepi.thelial Neoplasia, Invasive .
Alpha-7 Mucosal Carcinoma, Genital Warts, Head and Neck High
70, 85,97, 177 .
Squamous Cell Carcinoma
Alpha-8 7 40,43, 91 Mucosal/ COII‘[II’IOI:I Warts., Cervical Intraepithelial Low
Cutaneous  Neoplasia, Genital Warts
Cervical Intraepithelial Neoplasia, Invasive
16, 31, 33, 35, 52, Mucosal/ Carcinoma, Cutaneous Lesions, Conjunctival .
Alpha-9 . . High
58, 67 Cutaneous Papillomas/Carcinomas, Head and Neck
Squamous Cell Carcinoma
Genital Warts, Focal Epithelial Hyperplasia
M al/ (Heck’s Disease), Cutaneous Lesions, Recurrent
Alpha-10 6,11,13,44,74 ucos Respiratory Papillomatosis, Conjunctival Low
Cutaneous . . .
Papillomas/ Carcinomas, Cervical
Intraepithelial Neoplasia
Alpha-11 34,73 Mucosal/ Cerlvical Intraepithelial Neoplasia, Cutaneous High
Cutaneous Lesions
Alpha-13 54 Mucosal Genital Warts Low
Alpha-14 71,90, 106 Mucosal Genital Warts Low
5,8,12,14, 19, 20,
21, 24, 25, 36, 47, M T Epidermodysplasia Verruciformis, Cutaneous
a
Beta-1 93, 98, 99, 105, C tlcos Lesions, Flat Warts, Head and Neck Squamous Low
118,124, 143,152,  — "¢%" Cell Carcinoma
195, 196
9,15,17,22,23,
37, 38, 80, 100
e ! Epid dysplasia V ify i t
i 104, 107, 110, 111, Mucosal / prl erm}(z1 };s&l astla Herr;a c()irgls,szu aneous .
e 113,120, 122,145,  Cutaneous Ceiogs’ at Tvarts, Head and Neck >qtiamous ow
151, 159, 174, 182, ¢ ardnomas
198, 217
Beta-3 49,75,76,115 Cutaneous Flat Warts, Cutaneous Lesions Low
Beta-4 92 Cutaneous Cutaneous Lesions Low
Beta-5 96, 150, 185 Cutaneous Cutaneous Lesions Low
Beta-
e 206, 209 - - Low

unclassified




33

Cutaneous Lesions, Plantar Warts, Common

Gamma-1 4,65,95,173 Cutaneous Low
Warts
Gamma-2 48, 200 Cutaneous Cutaneous Lesions Low
Gamma-4 60 Cutaneous  Cutaneous Lesions Low
Gamma-5 88 Cutaneous  Cutaneous Lesions Low
Gamma-6 101, 103, 108 Mucosal Cervical Intraepithelial Neoplasia Low
109, 123, 134, 138, Cutaneous/
Gamma-7 139, 149, 155, 170, Mucosal Squamous Carcinoma of Skin, Keratotic Lesions Low
186, 189, 193, 218
Gamma- 8 112, 111698/, 114;76/ 164, Mucosal Genital Warts Low
Gamma-9 116, 129 Mucosal/ Keratotic Lesions Low
Cutaneous
Gamma-10 121, 130, 133, 142, Mucosal/ Head and Neck Squamous Cell Carcinoma, Low
180, 191 Cutaneous Keratotic Lesions
126,136, 140, 141, Mucosal/ Head and Neck Squamous Cell Carcinoma, Flat
Gamma-11 154,169, 171, 181, R Low
202 Cutaneous  Warts, Genital Warts
127,132, 148, 165, Mucosal/ Head ar.ld Ne.ck Squamo.us Cell .Carcinoma,
Gamma-12 Keratotic Lesions, Associated with Non- Low
199 Cutaneous .
Melanoma Skin Cancer
Gamma-13 128, 153 Mucosal/ Keratotic Lesions, Genital Warts Low
Cutaneous
Gamma-14 131 Cutaneous Keratotic Lesions Low
Gamma-15 135, 146,179,192 MUe0sal o on Warts Low
Cutaneous
Gamma-16 137 Mucosal - Low
Gamma-17 144 Mucosal - Low
Gamma-18 156 - - Low
Gamma-19 161, 162, 166 Cutaneous - Low
Gamma-20 163, 183, 194 Cutaneous - Low
Gamma-21 167 Cutaneous - Low
Gamma-22 172 Mucosal - Low
Gamma-23 175 Mucosal Genital Warts Low
Gamma-24 178, 190, 197 Cutaneous - Low
Gamma-25 184 Cutaneous Common Warts Low
Gamma-26 187 - - Low
Gamma-27 201 Mucosal Genital Warts Low
157, 158, 203, 205,
Gamma- 207, 208, 210, 211,
unclassified 212, 213, 214, 215, Cutaneous - Low
216, 219, 220, 221
222,223,224
Mu-1 1 Cutaneous Plantar Warts, Common Warts Low
Mu-2 63 Cutaneous Plantar Warts Low
Mu-3 204 - - Low
Nu-1 41 Cutaneous Common Warts, Flat Warts, Cutaneous Lesions Low
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epidermal growth factor (EGF) signaling that promotes cell division (DiMaio and Petti,
2013). Other proteins under the control of the HPV early promoter are E6, which can inhibit
and degrade the p53 tumour suppressor, and promote progression of the cell cycle (Vande
Pol and Klingelhutz, 2013); E7 which can degrade pRb, which leads to the release of the
E2F transcription factor, and promotes cell cycle progression (Roman and Munger, 2013);
and E8, which can repress HPV gene transcription and HPV replication to ensure
appropriate timing of these events during infection (Dreer et al., 2017). ES8 is expressed in
the form of an E8"E2 fusion protein (Dreer et al., 2017). The HPV late proteins L1 and L2
are both encoded by genes under control of the HPV late promoter. L1 is the major capsid
protein (Buck et al., 2013), while L2 is the minor capsid protein and also plays a role in

viral trafficking and entry (Wang and Roden, 2013).

1.8 Human Papillomavirus Reprogramming of Host-cell

Metabolism

HPV, or its oncoproteins, typically reprogram cellular metabolism in a manner reminiscent
of other viral infections, with an upregulation of glycolysis (Lai et al., 2013; Leiprecht et
al., 2011; Mazurek et al., 2001a). Also noted in the literature are increases in nucleotide
metabolism (Mazurek et al., 2001a) and glutaminolysis (Mazurek et al., 2001b) as a result
of either HPV infection or expression of the E6 and E7 HPV oncoproteins. However, there
is one report of a contradictory function of E6, in which it was shown to upregulate cellular

respiration (Cruz-Gregorio et al., 2019).

1.9 Human Papillomavirus and Cancer

HPV is a sexually transmitted virus, and infects basal epithelial cell layers in which the
epithelium has been disrupted by mechanical abrasions (Zur Hausen, 2002). These infected
cells continue to divide and proliferate increasing the number of HPV infected cells. In a
subset of infections, portions of the HPV viral genome become integrated with the host-
cell genome (McBride and Warburton, 2017) or persist in viral episomes within the
infected cell (Oyervides-Muioz et al., 2018). This can lead to constitutive expression of

the HPV oncoproteins E6 and E7. Like the HAdV oncoproteins, the HPV oncoproteins E6
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and E7, are capable of inhibiting the p53 and pRB tumour suppressors, allowing for
uncontrolled cell growth and proliferation (Fehrmann and Laimins, 2003). Not all HPV
types are equally capable of causing cancer and for this reason HPV can be classified as a
low-risk or high-risk type, with the highest-risk types being HPV 16, which is predominant
in both HPV+ cervical and head and neck cancer (Kreimer et al., 2005), and HPV 18, which
is predominant in HPV+ cervical cancer (Crow, 2012). Interestingly, HPV+ head and neck
cancer is associated with better survival outcomes than head and neck cancers with a non-
viral origin (Fakhry et al., 2008). As the majority of cervical cancers are HPV+, HPV status
is not used as a prognostic indicator for survival outcomes in cervical cancer, in contrast to
head and neck cancer (Crow, 2012). The worldwide incidence of HPV+ head and neck
cancers and cervical cancers should be decreasing as effective vaccines for HPV have been
developed (Koutsky and Harper, 2006; Petrosky et al., 2015) and are beginning to be

widely administered as part of a routine immunization schedule (Markowitz et al., 2013).

Only about 25% of head and neck cancers are caused by HPV, and most of these are present
in the oropharynx. Other head and neck cancers of a non-viral origin primarily arise from
mutations due to excessive smoking and drinking (Tumban, 2019). In addition to distinct
etiologies, HPV+ and HPV- HNSCCs have distinct mechanisms of cancer progression
(Leemans et al., 2011). This means that disease treatment strategies for HPV+ head and
neck cancer may not necessarily be appropriate for HPV- head and neck cancers. For
example, the immune landscape between HPV+ and HPV- head and neck cancers differs.
HPV+ head and neck cancers have a phenotype that suggests T-cell inflammation while
HPV- head and neck cancers do not (Gameiro et al., 2018). HPV+ head and neck cancers
may be more susceptible to treatment with immune checkpoint inhibitors than HPV- head
and neck cancers (Gameiro et al., 2018). Likewise, other cellular processes, such as
metabolism, may differ between HPV+ and HPV- head and neck cancers (Fleming et al.,
2019). Chapter 3 of this thesis is an analysis of data available from The Cancer Genome
Atlas (TCGA) to determine whether there are differences in survival associated with
differing expression of central metabolic genes between HPV+ and HPV- head and neck
cancers. This chapter then goes on to speculate which potential pharmacological
compounds may be uniquely effective in HPV+ head and neck cancer due to its unique

transcriptional profile for metabolism-related genes.
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1.10 Overview of Epstein-Barr Virus Proteins

Unlike HAdV and HPV, EBV is a large DNA tumour virus with a genome size of
approximately 172 kb. Also in contrast to both HAdV and HPV, EBV has a lipid envelope
surrounding its protein capsid. (Mohl et al., 2016) and contains at least 17 tegument
proteins (Johannsen et al., 2004). Tegument proteins are unique to herpesviruses (Guo et
al., 2010). They are preformed effector proteins that are delivered with the incoming virion
and contribute to aspects of viral replication, such as nucleocapsid translocation or
expression of EBV immediate-early genes and host-cell genes (Guo et al., 2010). For
example, the EBV tegument protein BFRF1 is involved in appropriate translocation of the
immature virion from the nucleus (Farina et al., 2005), while BFRF2 is a tegument protein
involved in DNA packaging and the primary envelopment step of the EBV replication
cycle (Granato et al., 2008).

EBV encodes 85 genes, but of these 85, the latent genes play the most significant role in
virally induced cancers (Smatti et al., 2018). While EBV is also known as human
gammaherpesvirus 4, there are only two types of EBV identified primarily based on the
sequence of their EBV latent proteins, typically EBNA2 or EBNA3 (Choi et al., 2018).
Type 1 is the most predominant EBV worldwide, while Type 2 only occurs with equal
prevalence to Type 1 in Africa (Choi et al., 2018). Neither type appears to be associated
with worse disease outcomes (Puchhammer-Stockl and Gorzer, 2006). EBVs typically
infect cells in the oropharynx around the tonsils, including oral epithelia and B cells
(Dunmire et al., 2018). Some of these B cells end up in the circulatory system, and other
epithelial cells in the nasopharynx and gastric cells can be affected by EBV infection (zur
Hausen et al., 1970; Yanai et al., 1997). Over 90% of adults are actively and
asymptomatically infected with EBV worldwide (Faulkner et al., 2000).

In circumstances where EBV causes disease, it is primarily responsible for infectious
mononucleosis, which occurs through infection of tonsillar epithelial cells and B cells
(Dunmire et al., 2015; Wang et al., 1998). Typically, infection of epithelial cells by EBV
leads to an acute lytic infection (lizasa et al., 2012) while infection of B cells leads to a

persistent, long term latent infection (Kiippers, 2003). In a subset of B cell infections, EBV-
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positive germinal centre B cells and EBV-positive memory B cells that have re-entered the
germinal centre may undergo a transformation event in the cell proliferation-encouraging
environment of the germinal centre (Kiippers, 2003). The presence of EBV oncoproteins
in conjunction with the transformation event in these B cells can lead to cancer when
apoptotic mechanisms to remove these aberrant cells are bypassed (Kanzler et al., 1996;
Kurth et al., 2003; Niller et al., 2003). For example, expression of EBV proteins in Burkitt
lymphoma can overcome potential apoptotic signals that result from a frequent MYC
translocation in this cancer (Pajic et al., 2001). In Hodgkin lymphoma, the EBV protein
LMP2A may encourage pro-survival pathways in affected B cells (Caldwell et al., 1998;
Kiippers, 2003). EBV-infected B cells are responsible for infection of other epithelial
tissues, including nasopharyngeal and gastric tissue (lizasa et al., 2012). Cell-to-cell
contact of EBV-infected B cells with uninfected epithelial cells triggers a lytic infection in
the B cells that is reliant on endocytic machinery in the recipient epithelial cell (Nanbo et
al.,2012,2016). However, non-cell mediated infection of epithelial cells by EBV is another
possible, albeit less significant, mechanism of infection (Imai et al., 1998). In a small
proportion of epithelial cells infected with EBV, alterations in host-cell genome
methylation and gene expression caused by EBV-encoded genes, primarily EBV-encoded
noncoding RNAs (EBERs) and microRNAs, can lead to oncogenic transformation and
cause epithelial cancers, including nasopharyngeal carcinomas or gastric cancer

(Thompson and Kurzrock, 2004).

The EBV latent proteins include EBNA1, which is responsible for p53 degradation, virus
persistence, and transactivation of both viral and infected host-cell genes (Frappier, 2015).
The second EBV latent protein, EBNA2, can also activate both viral and host-cell gene
expression, primarily with the assistance of another EBV latent protein, EBNALP
(Kempkes and Ling, 2015). EBNA3A modulates the expression of EBNA2 (Allday et al.,
2015). EBNA3A can also induce G1 arrest (Allday et al., 2015). EBNA3B can act as a
tumour suppressor and can coactivate EBNA2 (Allday et al., 2015). EBNA3C has a wide
variety of functions, including inducing pRB degradation, overcoming the DNA damage
response, promoting cell proliferation, and inducing G1 arrest (Allday et al., 2015). LMP1
can activate cell survival related cell signalling pathways including the Nf-kB, JNK and

p38 MAPK pathways (Kieser and Sterz, 2015). The LMP2A protein can mimic B-cell
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receptor signalling, especially activation of the ERK/MAPK pathways, as well as
encourage epithelial cell motility and spreading (Cen and Longnecker, 2015). EBV also
has a variety of EBERs that function to confer resistance to apoptosis (Skalsky and Cullen,
2015). microRNAs transcribed by the BamHI-A region rightward transcript (BART) and
BamHI fragment H rightward open reading frame 1 (BHRF1) regions of the EBV genome
also function to inhibit apoptosis of the infected host-cell (Skalsky and Cullen, 2015) and

modulate the immune response (Wang et al., 2018).

1.11 Epstein-Barr  Virus Reprogramming of Host-cell
Metabolism

Like the other two DNA tumour viruses that will be discussed in this thesis, EBV has also
been noted to drive an increase in glucose metabolism in the infected cell (McFadden et
al., 2016; Zhang et al., 2017a). Additionally, EBV has been reported to induce one-carbon
metabolism, the end products of which are utilized in nucleotide biosynthesis (Wang et al.,
2019a). Perhaps contradicting the reliance on glycolysis implied by the metabolic
programming associated with the Warburg effect, EBV also increases the activity of the

TCA cycle and oxidative phosphorylation (Wang et al., 2019a).

1.12 Epstein-Barr Virus and Cancer

EBYV is the etiological agent of a variety of cancers of immune cells, including B cells, T
cells and natural killer (NK) cells (Thompson and Kurzrock, 2004). In addition, EBV can
cause cancers in epithelial tissues, included, but not limited to, gastric epithelial cells (Tsao
et al., 2015). As is common to the other DNA tumour viruses discussed above, evasion of
the host immune system contributes to the development of cancer in the EBV infected cell
(Ressing et al., 2015). EBV has two distinct lifecycles, the lytic and latent lifecycles, and
both the latent and lytic lifecycle have been noted to contribute to oncogenesis (Murata and
Tsurumi, 2014). The latent cycle, in which the EBV genome exists in an episome, is the
predominant contributor to viral oncogenesis by EBV (Murata et al., 2014). This is because
genes controlling growth and proliferation are activated by the immediate-early and early
EBV oncoproteins expressed by latent EBV infections (Hoebe et al., 2013; Mauser et al.,

2002). However, during the lytic stages of infections, EBV oncogenes become expressed
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at higher levels, and some of those induce cytokines and growth factors that can lead to
abnormal proliferation of the surrounding latently infected cells (Mosialos, 2001). It is
possible that the switching of EBV replication cycles between the lytic and latent cycles
could make the host-cell genome especially prone to genomic instability (Fang et al.,
2009). Several EBV oncogenes also contribute to EBV-induced oncogenesis. The most
predominant oncogenes are the latent membrane proteins LMP1 and LMP2A (Dawson et
al., 2012; Scholle et al., 2000; Shair et al., 2012). Both of these proteins can trigger growth-
related pathways in the host-cell and can also enact tumour promoting host immune
evasion. Despite this, increased inflammation has been associated with EBV-induced
gastric cancers (Derks et al., 2016). The EBV nuclear antigen proteins, EBNA1, EBNALP,
EBNA2, EBNA3A, and EBNA3C generally promote oncogenesis or transformation with
varying degrees of essentiality (Kang and Kieff, 2015). EBNA3B can act as tumour
suppressor (Kang and Kieff, 2015). Unlike the other two DNA-tumour viruses discussed
above, virally-encoded microRNA and noncoding RNA have a significant role in EBV-
induced oncogenesis (Wang et al., 2019¢). In terms of gastric cancers induced by EBV,
which will be the focus of chapter 4 in this thesis, approximately 9% are caused by EBV
(Murphy et al., 2009). EBV was first noted to be a significant factor for classification of
stomach adenocarcinomas in 2014 based on a whole tumour TCGA analysis (Bass et al.,
2014). Compared to EBV-negative (EBV-) stomach adenocarcinomas, the EBV-positive
(EBV+) stomach adenocarcinomas had higher expression of genes related to immune
regulation, such as genes related to MHC-II, namely HLA-DPAI and HLA-DPBI, and
genes related to lymphocyte function, such as LY6K (Zhang et al., 2020). Also distinct from
EBV- stomach adenocarcinomas, the EBV+ stomach adenocarcinomas had increased cell
division associated with tumour infiltrating B cells (Zhang et al., 2020), which corresponds
to the ability of EBV to infect B cells. However, it remains unclear whether EBV+ stomach
adenocarcinomas have an altered metabolic phenotypic corresponding to the unique
etiology of this stomach adenocarcinoma and the increased cycling of immune cells.
Chapter 4 of this thesis will explore the question of metabolic gene expression in EBV+

stomach adenocarcinomas.
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1.13 Glycolysis and the Warburg Effect

Cellular energy production typically begins with the conversion of glucose to pyruvate
through glycolysis. Pyruvate is funnelled to the TCA cycle to load electrons onto various
coenzymes that can be utilized in the electron transport chain to convert ADP to ATP
(Figure 1.5). However, many metabolites within glycolysis and the TCA cycle can be
utilized in other pathways to generate precursors for macromolecules required for viral
replication. For example, intermediates of glycolysis can be funnelled into the PPP to

generate ribose, the sugar backbone of nucleotides (Figure 1.5).

Typically, cells prefer the slower, but more energetically productive electron transport
chain as the main source of cellular energy over glycolysis. Glycolysis proceeds rapidly,
but produces much less energy. However, under certain conditions, cells appear to utilize
glycolysis over cellular respiration, despite the presence of ample oxygen. This is known
as the Warburg effect (Figure 1.6), and was first observed in cancer cells (Racker, 1972;
Warburg, 1925; Warburg et al., 1927). It is becoming increasingly appreciated that many
viruses reprogram cellular metabolism in a similar manner (Figure 1.6). For example, DNA
tumour and tumour-associated viruses, such as HPV, Kaposi’s sarcoma associated
herpesvirus, EBV, human cytomegalovirus, and HAdV, are all noted to increase host cell

glycolytic activity (reviewed in (Goodwin et al., 2015; Sanchez and Lagunoff, 2015)).

Some single-stranded RNA viruses, such as poliovirus, dengue virus, hepatitis C virus and
influenza A virus have also been noted to increase glycolysis (Goodwin et al., 2015;
Sanchez and Lagunoff, 2015). In addition, the Warburg effect is more complex than
initially appreciated, as it is commonly accompanied by glutaminolysis (Vander Heiden et
al., 2009) (Figure 2.2), which includes the utilization of glutamine as a substrate in the
TCA cycle. This means that cells exhibiting the Warburg effect still utilize cellular

respiration, albeit to a lesser extent than cells with a normal metabolic phenotype.
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Figure 1.5. Viruses and cancers co-opt many cellular metabolic pathways to satisfy
their metabolic requirements. These pathways include those used for energy production,
primarily glycolysis and oxidative phosphorylation, and macromolecule production, such

as for the synthesis of nucleotides or fatty acids. Created with BioRender.
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1.14 Parallels Between the Metabolism of Cancer Cells and
Virally Infected Cells

Both cancer and the viral infections described above are disease states that promote rapid
cellular growth and proliferation. To sustain this growth, virally infected cells and cancer
cells must increase the production of metabolites to provide the raw materials required for
the production of the biomolecules necessary for cellular and/or viral replication (Currie et
al., 2013; Goodwin et al., 2015; Lunt and Vander Heiden, 2011; Mikawa et al., 2015; Noch
and Khalili, 2012). This includes, but is not limited to, nucleotides, proteins, carbohydrates,
and lipids. Interestingly, both disease processes can rely on similar pathways to enact these
metabolic changes. MYC is one common metabolism-related transcription factor that is
employed by a variety of viruses and cancer types to stimulate metabolism and create an
environment permissive to replication (Stine et al., 2015; Thai et al., 2015). A well-
established result of MYC activation is a metabolic phenotype historically referred to as
the Warburg effect (Warburg, 1925). This involves an upregulation of glycolysis, which is
the metabolic pathway in which glucose is converted into pyruvate or lactic acid depending
on the availability of oxygen and a few molecules of ATP, normally 2 molecules, with a
concurrent decrease in cellular respiration, in which oxygen is utilized in conjunction with
a variety of electron carriers to produce high quantities of ATP, approximately 34 ATP
molecules. The Warburg effect is now more typically referred to as aerobic glycolysis, in

contrast to anaerobic glycolysis.

To understand this distinction, one must appreciate the difference between how glycolysis
proceeds under typical normoxic conditions (Figure 1.7A), hypoxic conditions (Figure
1.7B) and under the unique conditions surrounding virus infection or cancer (Figure 1.7C).
Under normoxic conditions, glycolysis serves to generate two molecules of pyruvate,
which are further broken down in the TCA cycle into a variety of intermediates with the
end result of the electrons from these molecules being shuffled to electron carriers that can
be used to fuel the electron transport chain (Dashty, 2013). However, under hypoxic
conditions, pyruvate continues to be converted into another product of glycolysis, lactic
acid (van den Beucken et al., 2006). The conversion of pyruvate to lactic acid generates an

additional two molecules of ATP that would otherwise be unavailable due to the hypoxic
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Figure 1.6 The Warburg Effect in cancer cells and virus infected cells. Both cancer
cells (A) and virus infected cells (B) often exhibit a characteristic metabolic phenotype
known as the Warburg effect. This phenotype is associated with an increase in cellular
glycolysis and a concurrent decrease, albeit not a complete reduction, of cellular respiration
despite the availability of ample oxygen. In contrast, healthy, uninfected cells (C)
preferentially utilize cellular respiration over glycolysis as the main ATP generating
pathway. Glutaminolysis is also less active in uninfected non-transformed cells. However,
there are uninfected cells (D) that preferentially utilize the Warburg effect. For example,
endothelial cells consistently have a Warburg effect-like metabolic phenotype (Eelen et al.,
2015). Activated immune cells, such as effector T cells, activated macrophages, and
activated dendritic cells, also shift to a Warburg effect-like metabolic phenotype
(Domblides et al., 2018). Created with BioRender.
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environment limiting the progression of the TCA cycle and the electron transport chain.
However, in aerobic glycolysis, which occurs during a variety of viral infections and
cancers, a large fraction of pyruvate is converted to lactic acid, despite conditions that

would otherwise be favourable for the progression of pyruvate into the TCA cycle (Lunt

and Vander Heiden, 2011).

While the reason why viral infections and cancer cells utilize this type of metabolic
program is not completely understood, theories include the possibility that since aerobic
glycolysis proceeds more rapidly than the electron transport chain, it can provide energy
in the form of ATP more readily to the replicating virus or cancer cell (Lunt and Vander
Heiden, 2011). The second theory is that an increase in aerobic glycolysis generates an
abundance of the metabolite precursors required by the rapidly replicating virus or cell
(Lunt and Vander Heiden, 2011). For example, glycolytic intermediates can be funnelled
into the PPP which generates ribose, which is the sugar backbone of nucleotides (Patra and
Hay, 2014). As further evidence that this might be the case, many viral infections and
cancer cells upregulate the TCA cycle without upregulating the electron transport chain
(Jin et al., 2016; Sanchez and Lagunoft, 2015). Many intermediates of the TCA cycle can
also be used as precursors for the synthesis of other macromolecules required for viral or
cellular replication. Additionally, this altered regulation of the TCA cycle can occur at
various points due to the activity of other metabolic pathways whose products can continue
into the TCA cycle. For example, glutaminolysis is the breakdown of glutamine into
intermediates that can enter the TCA cycle, which can then be used for the synthesis of
other molecules (Akins et al., 2018). The overarching purpose of this thesis is to explore
how certain aspects of viral infection program the infected cell into becoming more
metabolically cancer-like, and to expand this idea to how the metabolic program initiated

by viral infections persists into cancers induced by viral oncogenesis.

1.15 Why Study Metabolism

The question remains, what is the benefit of understanding the myriad of metabolism-
associated changes in virally infected cells or virally induced cancers? In terms of virally

infected cells, a thorough appreciation of the metabolic changes induced by a certain virus
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Figure 1.7. Carbon metabolism under different oxygen availabilities. (A) Under
normoxic conditions, glycolysis converts glucose into two molecules of pyruvate and two
molecules of ATP. Each pyruvate molecule enters the TCA cycle in which the pyruvate is
broken down into intermediates whose electrons are donated to the electron carriers NADH
and FADH,. These electron carriers are used to create a hydrogen gradient through the
electron transport chain. This hydrogen gradient powers the conversion of ADP to ATP.
Oxygen is required for the electron transport chain as it is the final electron acceptor. (B)
Under anaerobic conditions, glycolysis proceeds with the formation of pyruvate from
glucose, but pyruvate does not proceed into the TCA cycle. Pyruvate is converted to lactate
by lactate dehydrogenase, which is then transported out of the cell. (C) In cancer and most
virus infections, cells perform aerobic glycolysis, whereby some pyruvate proceeds
through the TCA cycle. Most of the pyruvate produced is converted to lactate by lactate
dehydrogenase. As these cells are rapidly growing, some glycolytic intermediates are
funnelled into the PPP to produce ribose, the sugar backbone of nucleotides. In addition,
these cells can utilize glutamine as an alternative carbon source for the TCA cycle in a
process called glutaminolysis. It is not uncommon for TCA intermediates to be utilized in

other anabolic pathways, such as fatty acid synthesis.
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can lead to an identification of parallels or differences between other virus infections
(Goodwin et al., 2015; Sanchez and Lagunoff, 2015; Thaker et al., 2019). Metabolic
processes that are altered in a similar manner across a number of viruses could represent a
useful druggable target, especially when that metabolic difference varies greatly from the
normal parameters of the uninfected host-cell. Additionally, while many virally induced
cancers appear similar to non-virally induced cancers in the same tissue type, these
similarities may exist only on a superficial level. Understanding the unique phenotype of
virus-induced cancers can lead to an increased ability to differentiate and potentially treat
virus-induced cancers in comparison to their non-virally induced counterparts. For
example, differences in mRNA expression for certain metabolic genes can act as prognostic
indicators for survival in HPV+ head and neck cancers, but not HPV- head and neck
cancers. Additionally, if it appears that a whole pathway might be differentially regulated
in a certain virally induced cancer when compared to a non-virally induced cancer in the
same tissue, these pathways may represent unique druggable targets that can selectively

target the virus induced cancer.

1.16 Thesis Overview
1.16.1. Hypothesis, Rationale, and Approach

The main scientific problem addressed by this thesis is how the metabolic phenotypes
induced by DNA tumour viruses, or their viral oncoproteins, differ from those of
corresponding cancers with a non-viral origin. We hypothesize that DNA tumour viruses
cause a cancer-like metabolic phenotype in the infected cell or cancerous tissue, which is
similar to, but still distinct from, the metabolic phenotype in non-virally induced cancers.
The rationale for this hypothesis is partially based on the observation that disease severity
and survival outcomes for a number of virally-induced cancers are significantly better for
individuals with a virus-positive subtype of a certain cancer when compared to individuals
with a virus-negative subtype of the same cancer (Bratman et al., 2016; Constanza
Camargo et al., 2014; Fakhry et al., 2008; Goodman et al., 2015; Hino et al., 2008; O’Rorke
et al., 2012; Song et al., 2010). Additionally, DNA tumour viruses can induce a metabolic
phenotype that closely resembles the Warburg effect observed in cancer cells with an

upregulation of glycolysis and a corresponding decrease in cellular respiration, despite
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conditions that would otherwise preferentially favour cellular respiration (Goodwin et al.,
2015). However, the mechanisms by which these metabolic changes are enacted in DNA
tumour virus-positive cancers, which are frequently driven by viral oncoproteins (Thaker
et al., 2019), likely differs from that of non-virally induced cancers. This could result in a
metabolic phenotype that has characteristics unique to the virally-induced cancer when
compared to its non-viral counterpart. These metabolic differences could have implications
for patient survival when the viral and non-viral subtypes of a cancer are compared to one

another.

The work in this thesis approaches the question of how DNA tumour viruses influence
metabolism from two different angles. The first angle is from the model DNA tumour virus,
HAAdV, and how specific oncoproteins from this virus may influence cellular metabolism
in a manner that enhances aerobic glycolysis and the TCA cycle, without necessarily
enhancing the electron transport chain. While the HAdV metabolism literature has
identified E4orfl as one of the HAdV proteins responsible for metabolic reprogramming
during HAdV infection, a portion of this introduction discussed the evidence that another
HAAJdYV oncoprotein, E1A, may also affect cellular metabolism. This idea is expanded upon
in chapter 2, which shows that E1A may be capable of modulating metabolism in isolation
within a cell and in the context of HAdV infection. However, understanding how viral
oncoproteins may influence metabolism in a context that does not lead to oncogenesis is
only a partial picture of the unique ways DNA tumour viruses program cancer-like
metabolic phenotypes. In chapters 3 and 4 of this thesis, data from the TCGA is analyzed
in the context of two different virally induced cancers. Chapter 3 shows that in HPV+ head
and neck cancers, but not HPV- head and neck cancers, transcripts which encode enzymes
involved in the TCA cycle are upregulated, and could serve as an important prognostic
indicator. In chapter 4, a similar approach is utilized to understand the expression of

transcript-encoding metabolic genes in EBV+ gastric cancers.

1.16.2. Chapter 2: Differential Effects of Human Adenovirus E1A Protein Isoforms
on Aerobic Glycolysis in A549 Human Lung Epithelial Cells.

The purpose of this study was to determine whether HAdV E1A was capable of influencing

cellular metabolism either as an endogenously expressed protein or within the context of
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an HAdV infection. We hypothesized that since E1A is the first HAdV protein expressed
and is capable of influencing a wide range of host-cell regulatory proteins (King et al.,
2018; Pelka et al., 2008), some of which are reportedly capable of influencing metabolism
independently of an interaction with E1A (Nicolay and Dyson, 2013; Stine et al., 2015;
Vousden and Ryan, 2009), it is very likely that E1A plays a role in the regulation of host-
cell metabolism. Our aims for this study were to determine: 1) whether A549 cells
expressing either the 13S or 128 isoforms of E1A were able to influence cellular glycolytic
and cellular respiration rates; 2) whether either E1A isoform was associated with changes
in the transcription of genes involved in cellular metabolism; and 3) whether HAdV
mutants limited to expressing only one of the two E1A isoforms had a different metabolic

transcriptome in comparison to the other.

To examine these questions, functional metabolism was measured in A549 cells expressing
endogenous 13S E1A or 12S E1A using extracellular flux analyses, mRNA levels in these
cells were measured with RT-qPCR, and transcriptomic data from HAdV infected IMR-90
cells was analyzed. A549 cells that expressed the 13S isoform of E1A had higher baseline
rates of glycolysis and lower maximum respiration rates when compared to 12S expressing
A549 cells. In addition, these 13S containing A549 cells expressed more glycolysis-related
transcripts and fewer cellular respiration transcripts than 12S containing A549 cells.
Transcripts encoding TCA cycle enzymes were also upregulated in 13S containing A549
cells. Transcripts encoding glycolytic enzymes and TCA cycle enzymes were upregulated
in greater number in IMR-90 cells infected with HAdV expressing only the 13S isoform
of E1A, when compared to IMR-90 cells infected with HAdV expressing only the 12S
isoform of E1A. We concluded that the 13S and 12S E1A isoforms have different
influences on glycolysis and cellular respiration, and the 13S isoform appears to influence

cellular metabolism more drastically towards a cancer-like metabolic phenotype.

1.16.3. Chapter 3: Survival-Associated Metabolic Genes in Human
Papillomavirus-Positive Head and Neck Cancers.

The purpose of this study was to determine whether a virally induced cancer, HPV+
HNSCC, a cancer driven by the E6 and E7 oncogenes, had a different metabolism-related

transcriptome when compared to HNSCC of a non-viral origin and to determine whether
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any of these genes were associated with survival outcomes in HPV+ HNSCC patients. In
light of the evidence from chapter 2, namely that E1A, a viral oncoprotein from the model
DNA-tumour virus HAdV, can alter metabolism in cell culture, and evidence from the
literature that in cell culture E6 can induce increased mitochondrial respiration (Cruz-
Gregorio et al., 2019), we hypothesized that HPV+ HNSCC would therefore have a greater
number of upregulated mRNA transcripts related to the TCA cycle and cellular respiration

when compared to HPV- HNSCC.

Our aims for this study were to determine: 1) whether HPV+ HNSCC had a different
metabolism-related transcriptomic profile when compared to HPV- HNSCC; 2) which
genes would make good preliminary candidates for druggable targets in HPV+ HNSCC;
and 3) identify whether any of these metabolism-related genes were associated with
survival outcomes in HPV+ HNSCC, and whether double high or low expression of these
genes had additive effects on survival. To examine this question we analyzed the
expression of 229 metabolism genes in both HPV+ and HPV- HNSCC from TCGA
RNAseq data. Next we examined whether stratifying the expression of these genes by the
median level of expression in HPV+ HNSCC indicated any significant differences in
patient survival, based on associated patient data available from the TCGA. We found that
HPV+ HNSCCs had lower expression of glycolytic genes and higher expression of TCA
cycle genes, cellular respiration genes, and beta-oxidation genes than HPV- HNSCC. In
addition low expression of SDHC, COX741, COXI16, COX17, ELOVL6, GOT2, and
SLC16A42 correlated with improved patient survival in HPV+ HNSCC.

1.16.4. Chapter 4: Expression and Patient Survival Associations for Metabolic
Enzyme Genes in Epstein-Barr Virus Associated Gastric Cancer.

The purpose of this study was to determine whether tumours from another virally derived
cancer, in this case EBV-associated gastric cancer (EBVaGC), were distinct from
corresponding gastric cancer tumours of non-viral etiologies. As HPV+ HNSCC was
distinct from HPV- HNSCC, shown in chapter 3, we hypothesized that EBVaGC would
likewise have distinct regulation of metabolism-related transcripts when compared to other
gastric cancers. The aims of this study were to: 1) identify the metabolic genes that were

differentially regulated in all gastric cancer types, including EBVaGC, when compared to
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non-cancerous tissue; 2) determine whether any differentially regulated genes were
uniquely up- or downregulated in EBVaGC; and 3) determine whether any of these genes
were associated with survival outcomes in EBVaGC. To address this question, we analyzed
RNAseq expression data and survival data from four different gastric cancer subtypes,
these being EBVaGC, microsatellite instable gastric cancer, genomically stable gastric

cancer, and gastric cancers with chromosomal instability.

We identified that expression of glycolysis-related and PPP-related genes were upregulated
in EBVaGC, while genes involved in the TCA cycle, cellular respiration and beta-oxidation
were downregulated in EBVaGC when compared to non-cancerous tissue. In addition,
EBVaGC had genes that were uniquely regulated in glycolysis, cellular respiration
complexes I and IV, fatty acid synthesis and beta-oxidation when compared to gastric
cancers of other subtypes. Finally high levels of expression of PFKM, ACLY, SCD, RPE,
and SLC16A413 and low expression of ALDOB and NDUFA4L2 were associated with
survival in EBVaGC, although these genes did not continue to be significant after false

discovery correction with the Benjamini-Hochberg procedure.
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Chapter 2

2 Differential Effects of Human Adenovirus E1A Protein
Isoforms on Aerobic glycolysis in A549 Human Lung
Epithelial Cells

2.1 Introduction

Viruses are obligate intracellular parasites as they are only capable of replicating within
the infected host cell. Viruses co-opt a wide variety of host cell pathways to meet the
requirements for replication. This includes reprogramming cellular metabolism to provide
the substrates and energy required for successful replication (Goodwin et al., 2015).
Typically, this metabolic reprogramming involves an upregulation of glycolysis and a
downregulation of cellular respiration despite the presence of ample oxygen (Goodwin et
al., 2015). This is known as aerobic glycolysis. Interestingly, this metabolic phenotype was
first observed in cancer cells by Otto Heinrich Warburg in the 1920s (Warburg, 1925), and
is also referred to as the Warburg effect. For this reason, it is possible there are similarities
between the reprogramming of metabolism by viruses and cancer cells. Aside from aerobic
glycolysis, viruses can modify a wide range of metabolic pathways including nucleotide
biosynthesis, glutamine metabolism, and lipid metabolism (Sanchez and Lagunoft, 2015).
The mechanisms by which different viruses enact these metabolic changes can be specific
to the virus (Thaker et al., 2019). For example, viruses with larger genomes, such as herpes
simplex virus 1, may encode some of their own metabolic enzymes (Thaker et al., 2019).
However, the extent to which metabolism can be directly altered by natively encoded viral
metabolic proteins is still limited, and virtually non-existent for small viruses, including
human adenovirus (HAdV) (Prusinkiewicz and Mymryk, 2019). Consequently, viruses
must enact metabolic changes indirectly by altering the regulation and function of host-cell
enzymes and pathways. Typically, this is achieved by a viral protein that acts as a molecular
hub. These proteins are capable of regulating the function of other host-cell regulatory

proteins, which in turn affect a multitude of cellular processes, including metabolism.

HAdV can dysregulate metabolism (Prusinkiewicz and Mymryk, 2019), potentially
through the HAdV early proteins which can enact broad regulatory changes in the host cell
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(Ouetal., 2011). Currently, only the HAdV protein E4orfl has been implicated in cellular
metabolic reprogramming during HAdV infection by causing an increase in glycolysis and
glutaminolysis through regulation of the cellular transcription factor MYC (Thai et al.,
2014, 2015). While the effects of E4orfl on cellular metabolism appear to be its most well
characterized functions, E4orfl can also act as an oncoprotein (Frese et al., 2003), interact
with other host-cell proteins through a PDZ domain (Lee et al., 1997), and potentially
contribute to the lytic lifecycle of adenovirus (Dix and Leppard, 1993). However, E4orf1
cannot explain the entirety of the metabolic phenomena associated with HAdV infection,
including the downregulation of cellular respiration that is noted to occur during infection
(Thai et al., 2014). Little is known about how the other HAdV oncoproteins regulate
metabolism. HAdV E1A is an attractive candidate for contributing to HAdV metabolic
reprogramming because it is a viral molecular hub protein (Pelka et al., 2008). This means
that E1A is capable of influencing a wide range of host-cell proteins that regulate various
cellular functions, which potentially includes cellular metabolism (King et al., 2018).
Interestingly, this regulation may occur at the transcriptional level due to the ability of E1A
to interact with a wide variety of transcription factors that can in turn influence the
expression of transcripts encoding enzymes in metabolic pathways (reviewed in
(Prusinkiewicz and Mymryk, 2019)). In addition, E1A is the first temporally expressed
HAdV protein, which means it could be responsible for influencing early-infection
metabolic changes (Crisostomo et al., 2019; Zhao et al., 2007). In HAdV-5, the primary
E1A transcript is differentially spliced into five isoforms. The two isoforms of E1A
encoded by the 13S and 12S mRNAs are predominantly expressed during early infection
and are responsible for the majority of the functions of E1A (Nevins, 1987; Radko et al.,
2015). They differ only in the presence or absence of one conserved region, known as
conserved region 3 (CR3) (Lillie et al., 1987). However, there are functional differences
between these two isoforms, which could contribute to differences in how each influence
cellular metabolism. For example, the 13S isoform appears to function more readily as an
activator of transcription (Pelka et al., 2009; Stevens et al., 2002), while the 12S isoform
regulates cellular activity through transcriptional repression (Pelka et al., 2009) or by
influencing localization of host-cell proteins (Madison et al., 2002). However, both

isoforms are important for productive adenovirus infection and contribute to activating
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cellular processes related to immortalization and transformation (Moran and Mathews,
1987). The purpose of this study was to determine whether the HAdV E1A protein is
capable of enacting cellular metabolic changes on its own. To test this, we measured the
functional glycolytic and oxidative phosphorylation rates with extracellular flux assays and
determined whether they corresponded to changes in the expression of transcripts encoding
metabolic genes in A549 cells that stably and endogenously expressed either the 13S or
128 encoded isoforms of E1A. We corroborated these data with RNAseq data from IMR-
90 lung fibroblasts infected with mutant variants of HAdV-5 that expressed either the 13S
or 128 encoded isoform of E1A. As these isoforms differ only in whether they contain the
CR3 region, any differences in metabolism or transcript expression between these two cell

lines or viral infections could be ascribed to this region.

2.2 Materials and Methods
2.2.1 Cell Culture

Low passage (<20) A549 cells with endogenous expression of the 13S encoded E1A
isoform of HAdV-5 (A549-138S), the 12S encoded isoform of HAdV-5 E1A (A549-12S)
or empty vector transduced control cells (A549-EV) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) with 4.5 g/L glucose, L-glutamine, sodium pyruvate, and phenol
red (Wisent Inc, Saint-Jean-Baptiste, QC, Canada) supplemented with 10% fetal bovine
serum (Wisent Inc), and 1% penicillin-streptomycin (Wisent Inc). The A549-13S cells
were previously described in Soriano et al., 2019 as A549-E1A289R cells. The A549-12S
and A549-EV cells were generated concurrently with the A549-13S cells and in a similar
manner. This involved the use of a LNSX retrovirus vector (described in (Miller and
Rosman, 1989)) with either 12S or 13S E1A cDNA inserted, while the A549-EV cells have
the LNSX empty vector inserted. A pool of transduced cells was used to avoid clonal
variation. Cells were passaged every 2 to 3 days and split at 70%—80% confluency. Unless

otherwise indicated, cells were plated in the above media for all experiments.

2.2.2 Protein Extraction and Western Blot

Protein extraction from A549-13S, A549-128S, and A549-EV cells and subsequent Western
blots were performed as described previously (Zhang et al., 2018). The primary antibody
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used was a mixture of two E1A-specific mouse monoclonal antibodies, M37 and M58
(Harlow et al., 1985). The blot was imaged using a ChemiDoc XRS+ (Bio-Rad, Hercules,
CA, USA).

2.2.3 Seahorse Glycolytic Stress Test

AS549-13S, A549-12S and A549-EV cells were seeded on XFe24 microplates (Agilent,
Santa Clara, CA, USA) at a density of 1 x 10° cells/ml for 24 hours. Following this, cells
were washed in D-PBS (Wisent Inc) and incubated in Seahorse XF base medium (DMEM-
based with no bicarbonate, glucose, or pyruvate; Agilent) supplemented with 2 mM L-
glutamine at 37 °C in a CO»-free incubator for 60 minutes. The microplate was transferred
to a Seahorse XFe24 Analyzer (Agilent) to measure the extracellular acidification rate
(ECAR). Basal ECAR was recorded for 3 measurement cycles before injection of
glycolytic stress test compounds. Measurements were taken during sequential cycles of
exposure to 10 mM glucose (3 measurement cycles), 1.5 pg/mL oligomycin (3
measurement cycles), and 50 mM 2-deoxyglucose (2-DG) (3 measurement cycles). The

ECAR was normalized to the third measurement prior to injection of the first compound.

2.2.4 Seahorse Mitochondrial Stress Test

Cells were seeded on XFe24 microplates as above, however the Seahorse XF base medium
was supplemented with 2 mM L-glutamine, 10 mM glucose, and 2 mM sodium pyruvate.
The microplate was transferred to a Seahorse XFe24 Analyzer to measure the oxygen
consumption rate (OCR). Basal OCR was recorded for 3 measurement cycles before
injection of mitochondrial stress test compounds. Measurements were taken during
sequential cycles of exposure to 1.5 pg/ml oligomycin (3 measurement cycles), 1 uM
carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) (3 measurement cycles),
and 0.5 uM rotenone/antimycin A (3 measurement cycles). The OCR was normalized to

the third measurement prior to injection of the first compound.

2.2.5 RNA Extraction and gPCR

A549-13S, A549-128, and A549-EV cells were grown on 100 mm cell culture dishes until
70%—80% confluency. Cells were trypsinized and collected in a cell pellet. Total RNA was
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extracted with a PureLink RNA mini kit (Invitrogen, Waltham, MA, USA) according to
the manufacturer’s guidelines. A total of 1 pg of total RNA was used in a reverse
transcription reaction with a SuperScript VILO cDNA synthesis kit (Invitrogen) according
to the manufacturer’s guidelines. Primer sequences were generated de novo using Primer-
BLAST (Ye et al., 2012) with requirements that the primer pair span an exon-exon junction
and be separated by at least one intron when possible. All primer efficiencies were verified
using a five-point standard curve with 400 ng, 200 ng, 100 ng, 50 ng and 25 ng of cDNA.
A list of primer sequences used in this study can be found in Supplementary Table 2.1. A
total of 50 ng of cDNA per reaction was used for subsequent qPCR characterization of
mRNA expression. All qPCR reactions were performed on a QuantStudio 5 Real-Time
PCR system (Applied Biosystems, Foster City, CA, USA). H2AFY and ACTB were used

as reference genes.

Data were analyzed using the 224 method (Livak and Schmittgen, 2001). First, the Ct
values from the three technical replicates for each sample were averaged to provide a single
value for one biological replicate. There were three biological replicates for each of A549-
135, A549-12S and A549-EV. A reference Ct value for every biological replicate was
calculated from the geometric mean of H2AFY and ACTB Ct values for that replicate. A
ACt value was calculated for each biological replicate by subtracting the Ct value for a
target gene of interest, such as HK2, from the geometric mean. The three biological
replicate ACt values were then averaged together to provide the ACtayg. The standard
deviation of these three biological replicate ACt values was also calculated as ACtsp. Next,
the AACt value was calculated by subtracting the ACt of the condition, in this case A549-
13S or A549-128S cells, from the ACt of the control sample, A549-EV. Technically, the
AACt value is also calculated for the control, A549-EV, but this value is always zero as the
ACt for A549-EV is subtracted from itself. Next the standard deviation, ACtsp, of the
corresponding AACt values were added or subtracted from the AACt for each cell type and
gene of interest. These values, AACt, AACt + ACtsp and AACt - ACtsp, were used to
calculate the relative quantity (RQ) where RQ = 244t the maximum possible RQ error
value (RQmax) Where RQuax = 2-(AACHACHSD) - and the minimum possible RQ error value
(RQwmin) where RQuin = 27AACHHACSD)  Thigs method of calculation yields an error range for

all RQ values, including for the control group (Livak and Schmittgen, 2001). T-test
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analysis was performed on the ACt values prior to 2-24¢t transformation to generate

applicable p-values (Yuan et al., 2006). See appendix 1 for a sample calculation.

2.2.6 RNA Sequencing Analysis

IMR-90 primary lung fibroblasts (American Type Culture Collection, Manassas, VA,
USA) were contact arrested for 72-hours and infected for 16 hours with either a d/520
HAdV-5 mutant (Haley et al., 1984) (from Dr. S.T. Bayley (McMaster University,
Hamilton, ON, Canada)), which expressed the 12S encoded E1A isoform; a pm975 HAdV-
5 mutant (Montell et al., 1982) (from Dr. S.T. Bayley), which expressed the 13S encoded
E1A isoform; or an E1A-deleted HAdV-5 mutant control at a multiplicity of infection of
10. The control virus had the E1 region replaced with CMV-driven beta-galactosidase.
Total RNA from infected IMR-90 cells were collected with TRIzol reagent (Sigma, St.
Louis, MO, USA) according to the manufacturer’s protocol, with each infection repeated
for a total of two biological replicates. Collected RNA was sent to Genome Quebec for
processing and sequencing using Illumina’s HiSeq platform. Bam sequencing files were
aligned to the hg38 (human) genome using STAR (Dobin et al., 2013). Tag directories
were produced using the homer (Heinz et al., 2010) function makeTagDirectories and RNA
reads were quantified using analyzeRepeats. Differential expression was calculated using

DESeq2 (Love et al., 2014) at a cut-off p-value of 0.05.

2.2.7 Statistics

Normalized Seahorse XFe24 Analyzer data were analyzed in GraphPad Prism 8 (San
Diego, CA, USA) using a two-way ANOVA in which the ECAR or OCR was defined as
the continuous dependent variable, cell line was one categorical independent variable, and
injection was the second categorical independent variable. The two-way ANOVA was
followed by a Tukey’s multiple comparison test in which each cell mean was compared to
every other cell mean on that row. A separate analysis was performed for the glycolytic
stress test data and mitochondrial stress test data. qPCR data were analyzed using Microsoft
Excel 365 (Redmond, WA, USA) and comparisons between groups were performed using

a Student’s t-test.
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2.3 Results

2.3.1 A549-13S Cells Increased Baseline Glycolysis and Decreased
Maximum Respiration
To examine the role of adenovirus E1A in changing cellular metabolism, we examined
extracellular metabolic flux, with a Seahorse XFe24 analyzer, in A549 cells expressing
either the 13S encoded HAdV-5 E1A isoform (A549-13S), the 12S encoded isoform
(A549-1285), or an empty vector control (A549-EV). The expression of E1A in these cell
lines was confirmed by Western blot (Figure 2.1). The extracellular acidification rate of
these three cell lines, a readout of glycolytic function, is shown in Figure 2.2A. The A549-
EV and A549-128 cell lines had very similar glycolytic profiles. The minimal basal rate of
glycolysis, induced by glucose after two hours of serum starvation, was similar between
the two cell lines. To determine their maximal glycolytic potential, cells were stimulated
with oligomycin. Oligomycin inhibits ATP synthase, forcing cells to increase glycolysis to
a maximal rate. Maximal glycolysis was significantly higher in A549-EV cells than in
AS549-12S cells. In contrast, A549-13S cells reached their maximal glycolytic rate
immediately after the addition of glucose, which implied that the baseline rate of glycolysis
in A549-13S cells was higher than in A549-12S cells or A549-EV cells. Importantly,
glycolysis in A549-13S cells could not be increased to a higher maximal rate with the
addition of oligomycin. In fact, the rate of glycolysis after oligomycin addition was the
lowest in A549-13S cells in comparison to both the A549-12S and A549-EV cells. All cell
lines responded similarly to 2-DG, which was used to shut down glycolysis and terminate

the experiment.

We next assessed oxygen consumption rates, a readout of cellular respiration. The only
observed differences in oxygen consumption were in the maximal respiration rates (Figure
2.2B). Maximal respiration was induced by FCCP, which uncouples oxidation from
phosphorylation in mitochondria rendering them inefficient. This causes the cell to increase
its rate of cellular respiration to compensate for the mitochondrial inefficiency. The A549-
13S containing cells had a lower rate of cellular respiration compared to the A549-12S

containing cells or the A549-EV containing cells, which were otherwise equivalent. No
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Figure 2.1. Western blot of E1A expression levels in AS49-EV, A549-12S and A549-
13S cell lines. Replicate cell lysates were resolved by electrophoresis, transferred to a
membrane and blotted with a mixture of M37 and M58 E1A-specific mouse antibodies.
No EIA was detected in lanes 1 and 2, corresponding to the A549-EV cells that do not
express E1A. As expected, A549-12S cells (lanes 3-6) transduced with a vector expressing
the smaller major isoform of E1A showed a band with a lower molecular weight than
AS549-138 cells (lanes 7-10) transduced with a vector expressing the larger major isoform
of E1A. Note that each consecutive pair of lanes corresponds to protein from a single

sample
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Figure 2.2. A549-13S cells have a unique functional glycolytic and oxidative
phosphorylation metabolism when compared to A549-12S and A549-EV cells.
(A) Seahorse XFe24 assay of extracellular acidification rates, a readout of glycolysis.
Extracellular acidification rates were highest in A549-13S cells after addition of glucose,
which is a reflection of the baseline glycolytic rate after stimulation. However, A549-EV
cells had the highest maximum extracellular acidification rates after addition of
oligomycin, which forces maximal glycolysis by inhibition of ATP synthase. There were
no differences in response after the addition of 2-deoxyglucose (2-DG) to shut down
glycolysis and end the experiment. * = p < 0.05 in a comparison between A549-13S and
either A549-12S or A549-EV cell lines. +=p<0.05 in a comparison between A549-EV and
either A549-128S or A549-13S cell lines. (B) Seahorse XFe24 assay of oxygen consumption
rates, a readout of oxidative phosphorylation. The amount of cellular respiration dedicated
to ATP production was no different between the cell lines as indicated by oligomycin
treatment. Maximal oxygen consumption rates, induced by carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP) which decouples the mitochondria, were
lowest in A549-138S cells. There were also no differences between the cell lines after the
addition of rotenone and antimycin A used to terminate the experiment. * = p < 0.05 in a
comparison between A549-13S and either A549-12S or A549-EV cell lines. 2-DG, 2-
deoxyglucose; FCCP, carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone.
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differences in response between the cell lines were observed when they were treated with
oligomycin, which is used to determine the amount of cellular respiration dedicated to ATP
production. Cells were treated with rotenone and antimycin A to completely shut down
cellular respiration and terminate the experiment. There were also no differences in

response to rotenone and antimycin A between the cell lines.

2.3.2 Glycolytic Genes Are Upregulated in A59-13S Cells

To determine how these functional differences in metabolism are reflected by the
transcription of metabolic genes, we first examined genes involved in glycolysis with
qPCR (Figure 2.3). mRNA for the glucose transporter SLC2A3 was 26-fold higher in the
A549-13S cells than either the A549-12S cells or the A549-EV cells (Figure 2.3A).
Interestingly, hexokinase 1 (HK7) mRNA, which encodes the enzyme used in the first step
of glycolysis, was significantly lower in A549-13S cells than A549-12S or A549-EV cells
(Figure 2.3B).

There were no differences in mRNA expression of glucose-6-phosphate isomerase (GPI)
mRNA, which encodes the second enzyme involved in glycolysis, across the three cell
lines (Figure 2.3C). Expression of mRNA encoding phosphofructokinase (PFK) isoforms,
involved in the third step of glycolysis, varied across its five isoforms. PFKP and PFKFB3
mRNAs were significantly lower in A549-13S cells than either A549-EV or A549-12S
cells (Figure 2.3D,G). PFKM, PFKFB2 and PFKFB4 mRNAs were significantly higher in
A549-138S cells when compared to A549-EV cells (Figure 2.3E,F,H).

Aldolase (ALDOA) mRNA, encoding the enzyme involved in the fourth step of glycolysis,
was only significantly higher in A549-12S cells compared to the other two cell lines
(Figure 2.31). Triose-phosphate isomerase (7P/) mRNA, which encodes the fifth glycolytic
enzyme, was higher in both the A549-13S and A549-12S cells than the A549-EV cells
(Figure 2.3J). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA, encoding the
sixth glycolytic enzyme, was only significantly higher in A549-12S cells (Figure 2.3K).
mRNA for phosphoglycerate kinase 1 (PGK1), which is the seventh glycolytic enzyme,
was significantly higher in A549-13S cells than either A549-EV or A549-12S cells (Figure
2.3L). Transcript levels for phosphoglycerate mutase (PGAM1), which encodes the eighth
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Figure 2.3. Relative expression levels of mRNA for glycolytic genes in 13S and 12S
expressing A549 cells. The mRNA expression for 16 genes encoding components of
glycolysis were measured with qPCR (A-P). A549-13S cells had higher expression of nine
genes (AE,FHJLM,N,P) and lower expression of four genes (B,D,G,0) when
compared to A549 cells expressing an empty vector. A549-128S cells had higher expression
of eight genes (B,E,LLJ,K,M,N,P) when compared to A549-EV cells. The combination of
differential mRNA expression in the A549-13S cells may contribute to their unusual
glycolytic phenotype. H2AFY was used as a reference gene. Asterisks (*) indicate p <0.05.
n =3 per group for all panels. SLC2A3, Solute carrier family 2 member 3; HK, hexokinase;
GPI, Glucose-6-phosphate isomerase; PFKP, Phosphofructokinase, platelet; PFKM,
Phosphofructokinase, muscle; PFKFB, 6-phosphofructo-2-kinase/fructose-2,6-
biphosphatase; ALDO, Aldolase, fructose biphosphate; TPI, triosephosphate isomerase;
GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; PGK, Phosphoglycerate kinase;
PGAMI1, Phosphoglycerate mutase; ENO, enolase; PKM, Pyruvate kinase M1/2; LDH,
Lactate dehydrogenase.
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enzyme in glycolysis, were equally high in both A549-13S and A549-12S cells when
compared to A549-EV cells (Figure 2.3M). mRNA expression of enolase 1 (ENO1), the
ninth glycolytic enzyme, was higher in both A549-12S and A549-13S cells when compared
to A549-EV (Figure 2.3N). However, mRNA for another enolase isoform, enolase 2
(ENO2) was virtually non-existent in the A549-13S containing cells, while the amount of
ENO2 mRNA was not significantly different between A549-EV and A549-12S containing
cells (Figure 2.30). mRNA expression of lactate dehydrogenase B (LDHB) which encodes
the enzyme responsible for the conversion of pyruvate to lactate in aerobic glycolysis was
identified to be significantly higher in A549-13S and A549-12S cells when compared to
AS549-EV cells (Figure 2.3P).

2.3.3 Pentose Phosphate Pathway Genes Are Differentially Regulated
in A549-13S Cells

The mRNA expression levels of five genes involved in the pentose phosphate pathway
(PPP) were also characterized in these three A549 derived cell lines. mRNA of glucose-6-
phosphate dehydrogenase (G6PD), which encodes the first enzyme of the PPP oxidative
branch, was significantly lower in the A549-13S cells than either the A549-EV or A549-
128 cells (Figure 2.4A). However, mRNA for 6-phosphogluconolaconase (6PGL), which
encodes the second enzyme of the PPP oxidative branch, was significantly higher in A549-

13S cells (Figure 2.4B).

The mRNA expression levels of ribulose-5-phosphate-3-epimerase (RPE), which encodes
the enzymatic link between the oxidative and non-oxidative branches of the PPP, was not
significantly different across the three cell lines (Figure 2.4C). mRNA transcripts for
transketolase (7K7) and transaldolase 1 (TALDOI), which encode the two enzymes
involved in the non-oxidative branch of the PPP, were significantly lower in A549-13S

cells, but not in A549-12S cells or A549-EV cells (Figure 2.4D,E).

2.3.4 Tricarboxylic Acid Cycle Genes Are Upregulated in A549-13S
Cells

The upregulation of many glycolytic genes by E1A, including LDHB, suggested that

A549-138 cells were preferentially utilizing aerobic glycolysis. However, this does not
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Figure 2.4. Relative expression of mRNA for pentose phosphate pathway genes in 13S
and 12S expressing A549 cells. The mRNA expression for five genes encoding
components of the pentose phosphate pathway were measured with qPCR (A-E). The
pentose phosphate pathway relies on the products of glycolysis. Only A549-13S cells
displayed differential regulation of transcripts in this pathway. Of the five pentose
phosphate pathway genes measured, three were downregulated (A,D,E) and one was
upregulated in the A549-13S cells (B). H2AFY was used as a reference gene. Asterisks (*)
indicate p < 0.05. n = three per group for all panels. G6PD, Glucose-6-phosphate
dehydrogenase; 6PGL,  6-phosphogluconolactonase; PGD,  Phosphogluconate
dehydrogenase; RPE, Ribulose-5-phosphate-3-epimerase; RPI, Ribose 5-phosphate
1somerase; TKT, Transketolase; TALDO, Transaldolase;
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preclude an upregulation of the tricarboxylic acid (TCA) cycle. For example, many cancer
cells and virally infected cells upregulate select enzymes involved in the TCA cycle to
promote glutaminolysis and other anaplerotic reactions (Carinhas et al., 2017; Pavlova and
Thompson, 2016; Vastag et al., 2011). Indeed, when we measured the expression of 15
genes involved in the TCA cycle with qPCR, six were upregulated only in A549-13S cells
(Figure 2.5).

The first was pyruvate dehydrogenase complex component x (PDHX) mRNA, which
encodes a component of the pyruvate dehydrogenase complex that is responsible for
converting pyruvate to acetyl-CoA (Figure 2.5B). The next upregulated transcript was
aconitase 2 (4CO2) mRNA, which encodes an enzyme responsible for the second step of
the TCA cycle. In this step the metabolite citrate is converted into isocitrate through the
intermediate cis-aconitate. Expression of ACO2 was expressed over 2-fold more in A549-
138 cells than A549-EV cells (Figure 2.5G). The third upregulated transcript is isocitrate
dehydrogenase (NAD(+)) 3 non-catalytic subunit gamma (/DH3G) mRNA, which encodes
a subunit of the isocitrate dehydrogenase complex. This complex is responsible for the
third step of the TCA cycle, the conversion of isocitrate into a-ketolgutarate. IDH3G was
upregulated 1.5-fold compared to the A549-EV (Figure 2.5J). The following upregulated
TCA cycle transcript was oxoglutarate dehydrogenase (OGDH) mRNA. This gene encodes
a component of the 2-oxoglutarate dehydrogenase complex, which is responsible for the
conversion of a-ketoglutarate into succinyl-CoA. OGDH expression was three-fold higher
in A549-13S cells than A549-EV cells (Figure 2.5K). The final two upregulated TCA cycle
transcripts in A549-13S cells encode components of succinyl-CoA synthetase, which is
responsible for the conversion of succinyl-CoA to succinate. These transcripts were
succinate-CoA ligase GDP-forming subunit beta (SUCLG2) mRNA and succinate-CoA
ligase ADP-forming subunit beta (SUCLA2) mRNA. SUCLG?2 expression was two-fold
higher (Figure 2.5M) and SUCLA?2 expression was 1.5-fold higher (Figure 2.5N) in A549-
138 cells than A549-EV cells. Interestingly, there were no significant differences in TCA
cycle gene expression between the A549-128 cells and the A549-EV cells.
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Figure 2.5. Relative expression of mRNA for tricarboxylic acid cycle genes in 13S and
12S expressing A549 cells. (A—O) The mRNA expression for 15 genes encoding
components of the tricarboxylic acid (TCA) cycle were measured with qPCR. A549-13S
cells displayed upregulated mRNA levels of enzymes involved in the TCA cycle. A549-
13S cells had statistically significant upregulation of transcripts encoding six enzymes
involved in the TCA cycle (B,G,J,K,M,N) and downregulation of two TCA cycle enzyme
encoding transcripts (F,I). In contrast, A549-12S cells did not exhibit any statistically
significant differences in TCA cycle transcript expression compared to the A549-EV cells.
The geometric mean of two reference genes, H2AFY and ACTB was used. Asterisks (*)
indicate p < 0.05. n = three per group for all panels. PDH, pyruvate dehydrogenase; PDP,
Pyruvate dehydrogenase phosphatase; CS, Citrate synthase; ACO, Aconitase; IDH,
Isocitrate dehydrogenase; OGDH, Oxoglutarate dehydrogenase; SUCLG1, Succinate-CoA
ligase GDP/ADP-forming subunit alpha; SUCLG2, Succinate-CoA ligase GDP-forming
subunit beta; SDH, Succinate dehydrogenase; FH, Fumarate hydratase; MDH, Malate
dehydrogenase.
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2.3.5 Oxidative Phosphorylation Genes Are Downregulated in A549-
13S Cells
An upregulation of genes involved in the TCA cycle may allow for increased
glutaminolysis or anaplerotic pathways rather than impacting cellular respiration. This
would likely be reflected in a decrease in the expression of cellular respiration genes,
despite the upregulation of TCA cycle genes. We determined the expression levels of two
transcripts that encoded components of cellular respiration complex IV, cytochrome C
oxidase assembly factor COX16 (COX16) mRNA (Figure 2.6A) and cytochrome C oxidase
copper chaperone COX17 (COX17) mRNA (Figure 2.6B). The expression of both COX16
and COXI17 was significantly lower in A549-13S cells. This paralleled the decreased
oxygen consumption rate observed in A549-13S cells (Figure 2.2B). There were no
differences in the expression of these two genes in A549-12S cells when compared to

A549-EV cells.

2.3.6 13S E1A Influences Metabolism to a Greater Extent than 12S
E1A in HAdV-5 Infected Primary IMR-90 Cells

To determine the physiological relevance of the 13S encoded E1A isoform on cellular
metabolic reprogramming in the context of infection, in contrast to the 12S encoded
isoform, IMR-90 primary lung fibroblast cells were grown to confluence for 72 hours and
infected with mutant HAdV-5 expressing either the 13S or 12S E1A isoforms. Cells were
infected with either the pm975 mutant of HAdV-5, which predominantly expressed the
13S, but not the 12S encoded ElA isoform; the d/520 HAdV-5 mutant, which
predominantly expressed the 12S, but not the 13S isoform; or an E1A-deleted HAdV-5
mutant as a control. RNA from these cells was collected at 16 hours post infection, which
corresponds to a relatively early timepoint during infection, at which E1A should be
influencing cellular gene expression (Radko et al., 2015). The expression of RNA from

these cells was determined using RNAseq.

Expression of the metabolic genes analyzed in the above RT-qPCR experiments was
extracted from the RNAseq data allowing for the comparison of d/520 infected cells versus
control virus infected cells, pm975 infected cells versus control virus infected cells, and

pm975 infected cells versus d/520 infected cells (Figure 2.7). In terms of glycolytic mRNA
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Figure 2.6. Relative expression of mRNA for cellular respiration genes in 13S and 12S
expressing A549 cells. The mRNA expression for two genes encoding components of the
TCA cycle were measured with qPCR. A549-13S cells exhibit downregulated expression
of genes encoding components of cellular respiration complex IV. Both (A) COX16 and
(B) COX17 mRNA expression was significantly lower in A549-13S cells compared to
AS549-EV cells. A549-12S cells did not show statistically significant expression differences
when compared to A549-128S cells. The geometric mean of two reference genes, H2AFY
and ACTB was used. Asterisks (*) indicate p < 0.05. n = three per group for all panels.
COX16; Cytochrome C oxidase assembly factor COX16; COX17, Cytochrome C oxidase

copper chaperone
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expression (Figure 2.7A), 10 of the transcripts were more highly upregulated in pm975
infected cells than in d/520 infected cells. In agreement with the A549 cell line results
presented above (Figure 2.3), suggesting that the 13S encoded isoform of E1A had a more
pronounced role in promoting glycolytic metabolic reprogramming than the 12S encoded
isoform during infection. However, both HAdV-5 mutants appeared to upregulate
glycolytic transcript expression to a greater extent than ElA-deleted HAdV-5. The
expression of transcripts for enzymes in the TCA cycle appeared to be less regulated by
E1A at 16 hours post infection than was observed with the A549 cell lines (compare Figure
2.5 and Figure 2.7B). However, there were still some differences in TCA cycle transcript
expression between the pm975 and the d/520 mutant infections. PDHB, PDP2, and
SUCLG2 were all more highly downregulated in pm975 infected cells than in dl520
infected cells, while CS, and IDH3B were more highly upregulated. ACO2, IDH3A,
IDH3G, OGDH, SUCLA2, and MDH1 had higher levels of transcript expression in both
pm975 and dI520 infected cells when compared to E1A-deleted control HAdV-5 infected
cells, but the expression of these transcripts was not significantly different between pm975

and d/520 infected cells.

Transcripts encoding enzymes involved in the PPP (Figure 2.7C) appeared to be
upregulated in pm975 infected cells when compared to either d/520 infected cells or the
E1A-deleted control. While the expression of G6PD was lower in both pm975 and dI520
infected cells when compared to the E1A-deleted control HAdV-5 infected cells, G6PD
was less drastically downregulated in the pm975 infected cells. In addition, transcripts for
PPP enzymes in the non-oxidative branch, RPE, TKT, and TALDOI, were significantly
higher in pm975 infected cells than either d/520 or E1A-deleted control HAdV-5 infected
cells. The expression of these three genes was significantly lower in the d/520 infected

cells when compared to the E1A-deleted HAdV-5 infections.

Finally, for the two cellular respiration related transcripts, expression of COX16 showed
an upregulation in both d/520 and pm975 infected cells when compared to E1A-deleted
HAdV-5 control infections, but not to each other. Transcript expression of COX17 was also
up in both d1520 and pm975 infections, but this upregulation was less drastic in the pm975

infected cells when compared to d/520 infected cells.
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Figure 2.7. RNAseq analysis of metabolic genes from IMR-90 lung fibroblasts
infected with either dI520, pm975 or an E1A-deleted HAdV-5 control virus. (A) RNA
expression of glycolytic enzyme-encoding transcripts was often greater in pm975 infected
cells than d/520 infected cells. However, dl520 infected cells also expressed glycolytic
genes at consistently higher levels than in an E1A-deleted control HAdV-5 infection. (B)
RNA expression of transcripts encoding TCA cycle enzymes, were more highly up- or
downregulated in pm975 infected cells when compared to d1520 infected cells. (C)
Transcripts encoding PPP intermediates in the non-oxidative PPP branch were more highly
upregulated in pm975 infected cells than in d/520 infected cells. (D) Both COX16 and
COX17 transcripts, which encode components of the TCA cycle, are upregulated in both
pm975 and dI520 infected cells, although to a lesser extent in the pm975 infection.
Asterisks (*) indicate an adjusted p-value < 0.05. n = two per group for all panels. Gene

names are defined in Figures 2.3-2.6.
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2.4 Discussion

To determine the role that E1A plays in altering cellular metabolism, we investigated the
impact of constitutive expression of either of the two major E1A isoforms on the
metabolism of A549 lung epithelial cells. Interestingly, A549-13S cells reached a high
maximal level of glycolysis after the addition of glucose, unlike the A549-12S cells or the
AS549-EV controls. The A549-12S and A549-EV cells required the ATP synthase inhibitor
oligomycin to reach a maximum ECAR. Oligomycin has been suggested to promote
glycolysis by inducing the translocation of GLUT1 glucose transporters to the plasma
membrane (Hamrahian et al., 1999). As hypothesized, E1A appeared to be at least partially
responsible for controlling these changes at a transcriptional level. In our analysis of the
mRNA expression for genes involved in glycolysis, SLC243, which encodes the glucose
transporter GLUT3, was 26-fold higher in the A549-13S cells than the A549-128S or A549-
EV cells. This suggests that EIA 13S was also capable of inducing glycolysis through
upregulation of glucose transporters, which could explain why the addition of oligomycin
to further induce glycolysis was ineffective in these cells. The upregulation of SLC2A43
transcript expression in only the A549-13S cells may explain why these cells exhibited
constitutively high levels of glycolysis while the A549-128 cells did not, despite both cells
upregulating some glycolysis genes in comparison to the A549-EV cells. An additional
indication that A549-13S cells could functionally upregulate glycolysis while the A549-
12S cells could not, was that a greater number of glycolytic genes appeared to be
upregulated in the A549-13S cells than the A549-12S cells. However, there were glycolytic
transcripts uniquely upregulated in the A549-12S cells and not the A549-13S cells, these
being HK1, ALDOA, and GAPDH. Conversely, the glycolytic transcripts HKI, PFKP,
PFKFB3, and ENO2 were uniquely downregulated in A549-13S cells. Both of these results
suggested that the regulation of glycolysis by E1A may not be solely dependent on direct
transcriptional regulation. The products of these transcripts with apparently paradoxical
up- or downregulation in relation to the functional glycolytic extracellular flux data could
be regulated post-transcriptionally in an appropriate manner. This could include regulation
of metabolic enzymes with post-translational modifications, competition between
metabolite intermediates, and feedback loops (reviewed in (Watson et al., 2015; Wegner

et al., 2015; Wellen and Thompson, 2012)). Future work exploring how E1A influences
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metabolism through these mechanisms could reveal the extent that E1A regulates

metabolism in ways unrelated to transcription.

Many metabolic pathways use glycolytic intermediates as precursors. For example, the
PPP relies on glucose-6-phosphate as a precursor to produce the ribose sugar backbone of
nucleotides (Figure 2.4). However, while 6PGL, from the oxidative branch of the PPP, was
upregulated in the A549-13S cells, expression of G6PD from the oxidative branch was
downregulated. In addition, the expression of two genes encoding enzymes from the
nonoxidative branch of the PPP, TKT and TALDOI, were both lower. This suggests that
E1A 13S inhibited the PPP. Peak nucleotide production occurs at time points that follow
peak E1A expression (Valdés et al., 2018). Perhaps E1A 13S plays a role in modulating
the timing of nucleotide production by downregulation of the PPP. It is also interesting to
note that none of the A549-12S cells had any statistically significant differences in mRNA
expression in the PPP when compared to the A549-EV cells, which may further support
the idea that the E1A 12S isoform was not involved in the regulation of metabolism during

infection.

The TCA cycle is another metabolic pathway that utilizes glycolytic products to provide
biosynthetic intermediates that can be utilized in other pathways. The TCA cycle also pulls
electrons from intermediates to later produce energy through the electron transport chain.
Interestingly, the TCA cycle gene that had the highest level of expression in the A549-13S
cells was OGDH, which was three-fold higher than in A549-EV cells. OGDH is a subunit
of the a-ketoglutarate dehydrogenase complex, which is responsible for converting o-
ketoglutarate into succinyl-CoA. Cells that utilize aspartate for anaplerotic metabolism are
particularly reliant on OGDH (Allen et al., 2016), which suggests that the TCA cycle in
AS549-138 cells may be utilized for biomolecule synthesis. In addition, the a-ketoglutarate
dehydrogenase complex represents a key step of glutaminolysis (Mullen et al., 2012),
which again points towards A549-13S cells utilizing the TCA cycle for biosynthetic
metabolic reactions rather than the electron transport chain. Two genes, SUCLG2 and
SUCLA2, which encode components of succinyl-CoA synthetase, the complex which
immediately follows a-ketoglutarate dehydrogenase in the TCA cycle, were also uniquely

upregulated in the A549-13S cells. Succinyl-CoA synthetase activity has also been
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implicated in anaplerotic metabolism (Stark et al., 2009). Finally, there is an opposing
upregulation of /DH3G and downregulation of /[DH3B in A549-13S cells, both of which
encode components of isocitrate dehydrogenase, the complex immediately preceding the
a-ketoglutarate dehydrogenase complex in the TCA cycle. However, IDH3B has been
suggested to be a hub gene that drives tumour associated cellular pathways (Chou et al.,
2014), and it could be functioning in a similar manner when its expression is potentially
driven by E1A 13S. A decreased rate of functional cellular respiration in the A549-13S
cells, combined with lower expression of COX/6 and COXI7 in these cells is another
indication that the TCA cycle is being reprogrammed for biosynthetic or anaplerotic

reactions.

It should also be noted that the A549 parent cell line, used to generate the cell lines
expressing either the 13S or 12S encoded isoforms of ElA, is derived from a human
epithelial lung carcinoma. This means at baseline it is expected that this cell line would
exhibit some aspects of the Warburg effect in relation to a primary cell line from the same
tissue. However, as the A549-13S cells exhibited a drastic increase in glycolysis and drastic
decrease to cellular respiration when compared to either the A549-12S or A549-EV cell
lines, this reveals the existence of overriding effects of the 13S encoded E1A isoform on
host-cell metabolic reprogramming. It is possible that if a similar experiment were
conducted using transduced lung primary cell lines, an even more drastic upregulation of
glycolysis and downregulation of cellular respiration might be observed. While this study
shows that the 13S encoded isoform of E1A will likely influence metabolism in primary
cells, it does not definitively exclude the possibility that 12S encoded E1A isoform could
have lesser effects on reprogramming primary cell metabolism to more closely resemble

the Warburg effect.

The question remains as to how these two different E1A isoforms may specifically
influence metabolism in the context of adenovirus infection. Considering that HAdV
infected cells tend to exhibit an upregulation of glycolysis and a downregulation of
oxidative phosphorylation (Carinhas et al., 2017; Thai et al., 2014) similar to the A549-
13S cells in this study, it is likely that this isoform contributes to metabolic reprogramming

during HAdV infection. The effect of the 13S isoform on metabolism may be especially
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predominant as expression of the 125 isoform is typically three times higher than the 13S
isoform when both are at their peak at approximately 24 hours post infection (Radko et al.,

2015).

To explore this question, RNAseq data from IMR-90 cells infected for 16 hours were
analyzed for expression of the genes used for our qPCR analysis. In terms of glycolysis,
the 13S encoded isoform of E1A altered expression of these genes to a greater extent than
the 12S encoded isoform. However, a lesser upregulation of glycolysis-related transcript
expression was also observed in cells infected with the HAdV-5 mutant that expressed the
12S E1A isoform compared to the control virus infected cells. This suggests that while the
138 isoform likely plays a more significant role in the upregulation of glycolysis during
infection, the 12S isoform may still influence glycolysis. While changes in the expression
of TCA cycle transcripts did not appear to be greatly different between the pm975 and
dI520 infected cells, TCA cycle transcripts were still much higher than control virus
infected cells. It is possible that the TCA cycle is partially upregulated at 16 hours post
infection to provide some of the substrates and energy required for viral replication, and
this is driven in part by E1A. In addition, some of the upregulated transcripts were unique
to pm975 HAdAV-5 infected cells, which matches our qPCR data in which A549 cells
expressing the 13S isoform uniquely upregulated a greater number of different TCA cycle

genes compared to cells expressing the 128 isoform.

Interestingly, transcripts encoding enzymes in the nonoxidative branch of the PPP were
uniquely upregulated in cells infected with pm975, again suggesting that the 13S encoded
isoform of E1A promotes host-cell metabolic activity during infection. Although this was
opposite to the observed downregulation of nonoxidative branch PPP transcripts observed
in A549-13S cells, in both cases the 13S encoded isoform of E1A appears to be regulating
the PPP. It appears that during d/520 infection, the 12S isoform is downregulating the
nonoxidative branch of the PPP. Finally, and unexpectedly, the two examined transcripts
encoding components of cellular respiration, COX16 and COX17 were upregulated in both
dI520 and pm975 infected cells. This could imply that at this early infection timepoint, the
infected cell is being driven into a highly metabolically active state to promote viral

replication, and cellular respiration may contribute to this process, at least marginally. It
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would be useful to determine whether the 13S encoded E1A isoform coordinates a

downregulation of cellular respiration transcripts at later stages of infection.

In addition, although the smaller isoforms of E1A, such as the 9S, 10S and 11S encoded
E1A isoforms become more predominant during later stages of infection (Radko et al.,
2015), it is unclear whether they would contribute to regulation of host-cell metabolism
during HAdV infection. Perhaps they could modulate metabolic pathways regulated during

later stages of infection, such as nucleotide production, but this remains to be explored.

Understanding how viruses alter host-cell metabolic processes during infection could yield
insight into potential antiviral interventions. For example, understanding the parallels
between HAdV-5 metabolic reprogramming of infected host cells with that of other
viruses, such as influenza (Smallwood et al., 2017), could have implications for the
universal treatment of viruses with compounds that target similar viral processes during
infection. In addition, this study provides more evidence for the outsized role the 13S
encoded isoform of EIA could have in deregulating host-cell processes during HAdV
infection. As the 13S encoded isoform differs from the 12S encoded isoform of E1A by
CR3, this region could represent a unique and targetable weak point of HAdV. For
example, the 13S encoded E1A isoform is especially important for productive lytic
infection of HAAV in A549 cells, while the 12S encoded isoform is less efficient at
promoting HAdV induced lysis (Moran et al., 1986). It would be interesting to determine
whether simply modulating metabolic pathways upregulated by the 13S encoded isoform
would be enough to hinder productive HAdV infection.

2.5 Conclusions

The purpose of this study was to determine whether either of the two major isoforms of
HAdV-5 E1A, the 13S or the 12S encoded isoforms, were able to modulate cellular
metabolism in cell lines that endogenously expressed these proteins. The difference
between the 13S and 128 encoded isoforms is the presence or absence of the CR3 region
in the larger major E1A protein (HoSek et al., 2016), which targets and modulates the
activity of a distinct set of host-cell regulatory proteins that are primarily involved in

transcriptional regulation (Ablack et al., 2010; Gallimore and Turnell, 2001). Given the
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similarity between these E1A isoforms, differences in metabolic function or the
transcription of metabolic genes between these two isoforms is likely related to the
presence of this region. Interestingly, we observed that A549-13S cells had robust
glycolytic capacity and reduced cellular respiration when compared to A549-12S or A549-
EV cells. This corresponded to a unique upregulation of transcripts encoding enzymes
involved in glycolysis and a downregulation of transcripts encoding enzymes involved in
cellular respiration in the A549-13S cells compared to the other lines. This was also
accompanied by a downregulation of PPP transcripts in A549-13S cells, and an
upregulation of TCA cycle transcripts consistent with anaplerotic metabolism. This
enhanced upregulation of glycolysis was also apparent in primary IMR-90 lung fibroblasts
infected with a HAdV-5 mutant virus that expressed the 13S isoform of E1A. E1A is a
viral oncoprotein (Boulanger and Blair, 1991), and it is also interesting that the larger E1A
isoform can reprogram metabolism in a manner that resembles the Warburg effect,
including an upregulation of baseline glycolysis and downregulation of cellular respiration.
This work strongly suggests that E1A is an additional HAdV protein capable of influencing

cellular metabolism.
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Chapter 3

3 Survival-Associated Metabolic Genes in Human
Papillomavirus-Positive Head and Neck Cancers

3.1 Introduction

As of 2018, head and neck squamous cell carcinomas (HNSCC), namely cancers of the
oral cavity, oropharynx, nasopharynx, larynx, and hypopharynx, had the 8" highest
combined incidence rate and the 5" highest 5-year prevalence as interpreted from
GLOBOCAN data (Bray et al., 2018; Ferlay et al., 2018). This translates to 834,860 new
head and neck cancers per year and 2,164,271 active head and neck cancers within the past
five years worldwide (Bray et al., 2018; Ferlay et al., 2018). Recent incidence rates of some
oropharyngeal cancers, such as those of the tonsils and base of the tongue, have been
rapidly increasing due to high-risk human papillomavirus (HPV) infection (de Martel et
al., 2017). Infection by specific high-risk HPVs, such as HPV16, was only recognized as a
contributing factor for oropharyngeal cancer by the International Agency for Research on
Cancer in 2003 (Herrero et al., 2003). However, the number of oropharyngeal cancers
caused by HPV has risen at epidemic rates over the last decades in many parts of the world
(Michmerhuizen et al., 2016), while the number of HNSCCs caused by exposure to
mutagens from excessive smoking and drinking has been decreasing (Chaturvedi et al.,

2011).

HPV-positive (HPV+) HNSCCs are distinct from their HPV-negative (HPV-) counterparts
from a molecular perspective, with characteristic genetic, epigenetic, and protein
expression profiles (Gameiro et al., 2018; Seiwert et al., 2015; Worsham et al., 2013). In
addition, patient outcomes are generally far more favorable for HPV+ than HPV- HNSCC
(Fakhry et al., 2008). The underlying molecular reasons for this difference are not entirely
clear. However, approximately 10% of all HPV+ HNSCC patients still succumb to their
disease (Weller et al., 2017). Identification of prognostic markers predicting favorable
survival outcomes in patients could allow for treatment deintensification, thereby avoiding
potential lifelong complications from unnecessarily aggressive treatments. Alternatively,

identification of cellular pathways contributing to poor prognosis could lead to the
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development of new effective therapies for those not responding to the current standard of

carc.

Altered metabolism is a cancer hallmark that was recognized decades ago with the
discovery of the Warburg effect, also known as aerobic glycolysis (Lunt and Vander
Heiden, 2011). Aerobic glycolysis involves an upregulation of glycolysis despite the
presence of ample oxygen for efficient cellular respiration. Many tumours exhibit this
metabolic phenotype, as it provides rapid energy and an ample supply of precursors for
macromolecule biosynthesis. Tumours can also rely on cellular respiration, often via
glutaminolysis, which is the breakdown of glutamine into intermediates of the tricarboxylic
acid (TCA) cycle (Vander Heiden and DeBerardinis, 2017). TCA intermediates can be
funneled off for macromolecule biosynthesis. Many viruses are known to extensively
modulate cellular metabolic processes to facilitate infection (Goodwin et al., 2015). These
changes can include similar tumour-associated metabolic changes as described above.
Infection with HPV has been shown to phenocopy cancer-like metabolic changes that are
maintained in HPV+ HNSCC (Fleming et al., 2019). Examination of how the metabolic
phenotype differs between HPV+ and HPV- HNSCC could lead to the identification of
targetable metabolic changes and potential new treatment options that are specific for either
HPV+ HNSCCs or HPV- HNSCCs. Admittedly, cancer metabolism is complex as it
impinges on a variety of other cellular processes and can vary across an individual tumour
(Montrose and Galluzzi, 2019). In addition, tumours can be highly adaptive to metabolic
perturbations (Montrose and Galluzzi, 2019). Identifying multiple metabolic targets that
are specific to a cancer type from a large dataset that contains information from an
extensive number of tumours, such as The Cancer Genome Atlas (TCGA), is an ideal step

towards selecting or generating useful anti-metabolic cancer therapeutics.

In this study, we used RNA-seq data from over 500 HNSCC primary tumour samples from
the TCGA to comprehensively compare the expression of genes across key cellular
metabolic pathways between HPV+, HPV-, and normal-adjacent control tissues.
Expression of a number of metabolic genes were significantly altered in HPV+ versus
HPV- HNSCC. Specifically, genes involved in glycolysis were expressed at lower levels
in HPV+ compared to HPV- HNSCC. In contrast, genes involved in the TCA cycle,
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oxidative phosphorylation, and B-oxidation exhibited higher expression in HPV+ samples
compared to their HPV- counterparts. Importantly, we identified that low expression of
multiple metabolic genes—SDHC, COX741, COX16, COX17, ELOVL6, GOT2, and
SLC16A42—correlated with markedly improved patient survival in HPV+, but not HPV-
HNSCC. The products of these genes could potentially be exploited as targets for
therapeutic intervention. Furthermore, the low expression of these seven genes appears
useful in predicting improved overall survival in HPV+ HNSCC and could serve as

biomarkers of patient outcome.

3.2 Materials and Methods

3.2.1 Data collection

Level 3 RNA-seq by Expectation Maximization normalized Illumina HiSeq RNA
expression data (build 2016012800) for the TCGA HNSC cohort, was downloaded from
the Broad Genome Data Analysis Centers Firehose server
(https://gdac.broadinstitute.org/). Patient survival data for the TCGA HNSC cohort, as
reported by the Pan-Cancer Atlas (The Cancer Genome Atlas Research Network et al.,
2013) was downloaded from: https://www.cell.com/cms/10.1016/j.cell.2018.02.052
/attachment/f4eb6b31-8957-4817-a41f-e46fd2ald9c3/mmc1.xIsx.

3.2.2 RNA expression comparisons

RNA-seq by Expectation Maximization normalized expression data for the TCGA HNSC
cohort was extracted and analyzed as described previously (Gameiro et al., 2017). Briefly,
primary patient samples with known HPV status were manually grouped as HPV+, HPV-,
or normal-adjacent control tissue based on other previously published datasets (Bratman et
al., 2016; The Cancer Genome Atlas Network, 2015). In these datasets, HPV status was
assigned by aligning RNA-seq reads for the HPV oncogenes expressed in the tumours to
the different high risk HPV types. This resulted in 73 HPV+, 442 HPV-, and 43 normal-
adjacent control samples with data available for gene expression comparisons. Note that
all HPV+ samples had high risk HPV as follows: HPV16 (61 samples), HPV33 (8
samples), HPV35 (3 samples), and HPV56 (1 sample). The five-number summary, mean,

and pairwise statistical tests were calculated using R (version 3.4.0) for all 229 metabolic
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genes analyzed (see supplementary table 3.1). These 229 genes were manually selected
(supplementary table 3.1) as they are involved in eight central cellular metabolic pathways
or processes, of which cellular respiration was then separated into its respective complexes.
The number of genes examined from each pathway was as follows: glycolysis, 36 genes
(adapted from GO:0061621 and (Bolafios et al., 2010)); TCA cycle, 20 genes (adapted
from GO:0006099 and (Chen and Russo, 2012)); mitochondrial respiratory complex I, 43
genes (adapted from GO:0045333, GO:0046043 and (Sharma et al., 2009)); mitochondrial
respiratory complex II, 4 genes (adapted from GO:0045333, GO:0046043 and (Kluckova
et al., 2013)); mitochondrial respiratory complex III, 9 genes (adapted from GO:0045333,
G0:0046043 and (Guo et al., 2016; Owens et al.,, 2011)); mitochondrial respiratory
complex IV, 31 genes (adapted from GO:0045333, GO:0046043 and (Mansilla et al.,
2018)); mitochondrial ATPase, 16 genes (adapted from GO:0046043 and (Jonckheere et
al., 2012)); fatty acid synthesis, 21 genes (adapted from GO:0019368, GO:0046949, GO:
0006629 and (Currie et al., 2013; Guillou et al., 2010; Koundouros and Poulogiannis, 2019;
Kuo and Ann, 2018)); B-oxidation, 18 genes (adapted from GO:0003995, GO:0003985,
GO: 0004300 and (Houten and Wanders, 2010)); glutaminolysis, 7 genes (adapted from
G0:0004069, GO:0004352, GO: 0004359, GO: 0004021 and (Jin et al., 2016)); pentose
phosphate pathway, 11 genes (GO:0006098 and (Patra and Hay, 2014)); monocarboxylic
acid transport (MCT) family, 13 genes (adapted from GO:0008028 and (Fleming et al.,
2019)). Boxplot comparisons of gene expression were made with GraphPad Prism v7.0
(Graphpad Software, Inc., San Diego, California, USA). For the boxplots, center lines show
the medians, box limits indicate the 25th and 75th percentiles, and whiskers extend 1.5
times the interquartile range from the 25th and 75th percentiles. P-values were assigned
using a two-tailed non-parametric Mann-Whitney U test using Graphpad Prism. Bivariate
analysis for selected genes was performed through R (version 3.4.0) using the Spearman
rank correlation coefficient. The proportion of genes in each pathway that were up or
downregulated among each comparison was represented in a bar graph and was calculated
as follows: number of genes upregulated (or downregulated) in a comparison (e.g., HPV+
HNSCC vs HPV- HNSCC) divided by the total number of genes in that pathway. The

proportion of downregulated genes were represented as a negative value.
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3.2.3 Survival analysis

Five-year overall survival outcomes were compared in both HPV+ and HPV- subsets of
HNSCC patients dichotomized by median expression for all metabolic genes listed in
supplementary table 3.1. Log-rank statistical p-values were calculated for each Cox
survival model. The derived log-rank p-values for all tested genes (listed in supplementary
table 3.2) were assessed for significance after correcting for false discovery rate (FDR)
using the Benjamini—-Hochberg method, and an FDR threshold of 0.1 was set for
significance. Univariate analysis was performed through R (version 3.4.0) based on a Cox
Proportional Hazard Model using the survival package (version 2.41-3). Stepwise
bidirectional multivariate analysis was then carried out with clinical variables (sex, age,
subsite, T stage, N stage, Overall stage, and HPV type), and SDHC, COX7A41, COX16,
COX17,ELOVL6, GOT2, and SLC16A2 expression—low expression of these 7 genes were
found to be statistically correlated with improved survival after univariate analysis. The p-
values derived from the Wald test on survival coefficients were reported for investigated
variables. Furthermore, a second set of survival outcomes were determined to compare
HPV+ tumours expressing low levels of each combination of genes that were significantly
correlated with improved survival after multivariate analysis—COX16, COXI7, and

SLC16A42.

3.2.4 Gene Enrichment Analysis

We performed a gene enrichment analysis on our seven survival-associated genes using
the Go Enrichment Analysis feature on http://geneontology.org (Ashburner et al., 2000;
The Gene Ontology Consortium, 2018). This analysis is powered by PANTHER14.1
(PANTHER Overrepresentation Test) using the “GO cellular component complete”
annotation data set with a Fisher’s exact test followed by a calculation of false discovery

rate (cut-off = FDR P < 0.05) to determine statistical significance (Mi et al., 2019).

3.2.5 Analysis of differential cell line sensitivity to tyrosine kinase
inhibitors based on HPV status

B-scores (mean + SEM) reflecting drug activity were extracted from a previously

conducted high throughput drug screen using 27 HNSCC cell lines (Ghasemi et al.,
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2018). The average B-scores for the indicated tyrosine kinase inhibitors (TKIs) was

calculated for the 6 HPV+ and 21 HPV- HNSCC lines and plotted.

3.3 Results

3.3.1 Expression of Pathway-specific Metabolic Genes were Altered
Between HPV+, HPV-, and Normal Control Samples from The
TCGA HNSC Cohort

In order to identify differences in metabolic gene expression between HPV+ and HPV-

HNSCC, we analyzed the TCGA Illumina HiSeq RNA expression dataset from the HNSC

cohort for expression of 229 metabolic genes in central metabolic pathways

(supplementary table 3.1). This clinical cohort is comprised of 73 HPV+, 442 HPV-, and

43 normal control samples with available RNA-seq data. Significant differences were seen

in a subset of genes in each pathway between HPV+ and HPV- HNSCC. In addition,

significant changes were observed between either HPV+ HNSCC or HPV- HNSCC and
normal control tissue. To simplify interpretation of these differences, we plotted the
fraction of genes in each pathway that were significantly different for each pairwise

comparison (Figure 3.1).

This analysis illustrates that glycolytic genes in HPV- HNSCC tissue are more upregulated
in comparison to normal tissue than in HPV+ HNSCC when compared to normal tissue.
This is particularly evident between HPV+ HNSCC and HPV- HNSCC tissues, since most
glycolytic genes are downregulated in HPV+ HNSCC when compared to HPV- HNSCC.
However, genes involved in the TCA cycle, oxidative phosphorylation, and p-oxidation
were downregulated in both HPV+ and HPV- HNSCC in comparison to normal control
tissue. This means that, despite differences in metabolic gene expression between HPV+
and HPV- HNSCC, the metabolism of both types of tumours could resemble the Warburg
effect, with lower cellular respiration rates compared to normal control tissue. When
compared to one another, HPV+ HNSCC had generally higher expression of these genes
than HPV- HNSCC. Other metabolic pathways appeared to have a more similar split
between upregulated and downregulated genes in all comparisons, suggesting that the
presence of HPV may have minimal impact on transcriptionally mediated changes in

these pathways. Overall, it appears that HPV+ HNSCC may be more reliant on cellular
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Figure 3.1. Genes differentially expressed between HPV-positive (HPV+) head and
neck squamous cell carcinomas (HNSCC), HPV-negative (HPV-) HNSCC, and
normal control tissues by metabolic pathway. The y-axis reflects the proportion of genes
that are up or downregulated in a given pathway comparison. For example, the positive
fraction of genes reflects the proportion of genes upregulated in the first group (e.g., HPV+)
when compared to the second group (e.g., HPV-). The negative fraction of genes reflects
the proportion of genes downregulated in the same comparison. Blue = HPV+ tissue vs
HPV- tissue comparison; Red = HPV+ tissue vs normal control tissue comparison; Green
= HPV- tissue vs normal control tissue comparison. Numbers in brackets denote total
number of genes analyzed from each pathway. Abbreviations: TCA, tricarboxylic acid

cycle; Resp., respiratory; F.A., fatty acid; PPP, pentose phosphate pathway.




&7

respiration than HPV- HNSCC.

3.3.2 Low Expression of Genes Encoding Multiple Components of the
Mitochondrial Electron Transport Chain are Associated with
Improved Patient Survival in HPV+ HNSCC

Tumour-associated metabolic alterations have functional consequences that impact disease

progression, response to therapy, and patient survival. We dichotomized the expression

data for each of the 229 metabolic genes by median expression and calculated the impact
of high versus low expression on overall patient survival for HPV+ HNSCC patients, as
well as HPV- HNSCC patients (supplementary table 3.2). We identified seven genes that
were significantly associated with patient survival in HPV+, but not HPV- HNSCC

patients. These genes were SDHC, part of the mitochondrial respiratory complex II;

COX741, COX16, and COX17, all part of the mitochondrial respiratory complex IV;

ELOVLG, involved in fatty acid elongation; GOT2, involved in amino acid metabolism;

and SLC16A42 (also known as MCT8), which encodes a thyroid hormone transporter. We

performed a pathway enrichment analysis of our seven significant genes utilizing a

PANTHER overrepresentation test which indicated that 5 of these 7 genes were

significantly associated with the mitochondria (p = 5.10 x 10; FDR = 1.46 x 1072). These

genes were SDHC, COX7A1, COX16, COX17, and GOT2. Detailed studies of the relative
expression of each of these genes in HPV+, HPV- and normal control tissue, as well as

their association with overall patient survival are presented below.

Previous studies indicate that HPV+ HNSCC is more reliant on oxidative phosphorylation
as an energy source than HPV- HNSCC (Fleming et al., 2019). Oxidative phosphorylation
requires electron transport via mitochondrial cellular respiratory complexes I-IV
(Enriquez, 2016). Reduced expression of SDHC, which encodes a component of the
mitochondrial cellular respiration complex II, correlated with increased HPV+ HNSCC

patient survival (Figure 3.2).

Overall expression of SDHC was not significantly different between HPV+ and HPV-
HNSCC, and both types of HNSCC expressed lower levels of SDHC than normal control
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Figure 3.2. Low expression of SDHC is associated with favorable survival outcomes
in HPV+ HNSCC. (A) Transcript levels of SDHC across all HNSCC tissues samples
and normal control tissues. Bracketed numbers refer to the sample size of each group.
Overall five-year survival outcomes in (B) HPV+ HNSCC and (C) HPV- HNSCC
patients dichotomized by SDHC expression. p = Two-sided log-rank test, ¢ = Benjamini-
Hochberg FDR method. Gray = low transcript expression, Black = high transcript

expression. * p < 0.05, ** p < 0.01, ns (not significant).
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tissue (Figure 3.2A). HPV+ HNSCC patients with tumours exhibiting low SDHC
expression had better overall five-year survival outcomes than HPV+ HNSCC patients
with tumours exhibiting high SDHC expression (p = 0.011, FDR = 0.043) (Figure 3.2B).
However, SDHC expression was not correlated with improved patient survival in HPV-

HNSCC (p = 0.34, FDR = 0.45) (Figure 3.2C).

Consistent with the possibility that HPV+ HNSCCs are more reliant on cellular respiration
than HPV- HNSCCs, three genes encoding components of the mitochondrial cellular
respiration complex IV were also correlated with HPV+ HNSCC patient survival (Figure
3.3). These genes were COX7A41 and COXI7, which encode structural components of

complex IV, and COX16, whose product is involved in complex IV assembly.

COX7A1I expression was significantly lower in both HPV+ and HPV- HNSCC samples
compared to normal control tissues (Figure 3.3A). In addition, HPV+ HNSCC had
significantly lower expression of COX7A41 than HPV- HNSCC (Figure 3.3A). Overall
survival of patients with HPV+ (Figure 3.3B) or HPV- HNSCC (Figure 3.3C) were
dichotomized based on median COX7A41 expression. We found that low expression of
COX7A1 was correlated with favourable survival outcomes in patients with HPV+ (p =
0.0095, FDR = 0.092) (Figure 3.3B), but not HPV- HNSCC (p = 0.41, FDR = 0.59) (Figure
3.30).

Compared to normal control tissue, COX16 expression was lower in HPV+, but not in
HPV- HNSCC (Figure 3.3D). COX16 expression was also significantly lower in HPV+
compared to HPV- HNSCC (Figure 3.3D). HPV+ and HPV- HNSCC samples were
dichotomized based on median COX16 expression. Low levels of COX16 expression were
correlated with improved survival in patients with HPV+ (p = 0.0080, FDR = 0.092)
(Figure 3.3E), but not in patients with HPV- HNSCC (p = 0.33, FDR = 0.59) (Figure 3.3F).

In contrast to COX7A1 and COX16, COX17 expression was higher in HPV+ than HPV-
HNSCC (Figure 3.3G). Expression of COX17 across HPV+ and HPV- HNSCC samples

was significantly higher than in normal control tissues (Figure 3.3G). However, the same
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Figure 3.3. Low expression of three mitochondrial respiration complex IV genes in
HPV+ HNSCC is associated with improved survival. Expression of (A) COX741, (D)
COX16, and (G) COX17 in HNSCC tissues samples and normal control tissues. Overall 5-
year survival outcomes in HPV+HNSCC patients and HPV- HNSCC dichotomized by
median (B,C) COX7A1 expression, (E,F) COXI6 expression, and (HJI) COXI17
expression. p = Two-sided log-rank test, ¢ = Benjamini-Hochberg FDR method. Gray =

low transcript expression, Black = high transcript expression. * p < 0.05, ** p < 0.01,

¥k p < 0.001, **** p < 0.0001, ns (not significant)
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association between low expression of COX/7 and better overall 5-year patient survival
was observed for patients with HPV+ HNSCC (p = 0.00040, FDR = 0.012) (Figure 3.3H),
but not patients with HPV- HNSCC (p = 0.35, FDR = 0.59) (Figure 3.31).

3.3.3 Low Expression of ELOVLG, Involved in Fatty Acid Synthesis, is
Associated with Better Overall Survival in Patients with HPV+
HNSCC

ELOVL6 expression in HPV+ HNSCC was not significantly different from HPV- HNSCC.

However, both HPV+ and HPV- HNSCC had significantly lower overall levels of ELOVL6

expression than normal control tissues (Figure 3.4A). HPV+ HNSCC samples were

dichotomized based on median ELOVL6 expression. HPV+ patients with tumours
expressing low levels of ELOVL6 had significantly better five-year overall survival than
patients with tumours expressing high levels of ELOVL6 (p = 0.0040, g = 0.084) (Figure
3.4B). Reduced ELOVL6 expression was not correlated with altered survival in HPV-
HNSCC patients (p = 0.34, g = 0.83) (Figure 3.4C).

3.3.4 Low Expression of GOT2, Involved in Amino Acid Metabolism, is

Associated with Better HPV+ HNSCC Patient Survival
GOT? expression was significantly lower in HPV+ than HPV- HNSCC or normal control
tissues and significantly lower in HPV- HNSCC than normal control tissues (Figure 3.4D).
The high normalized RNA-seq read levels for GOT2 suggest that it is abundantly expressed
in normal head and neck tissues. HPV+ HNSCC samples were dichotomized based on
median GOT?2 expression. Low expression of GOT2 was associated with better five-year
overall survival outcomes in patients with HPV+ HNSCC (p = 0.012, ¢ = 0.086; Figure
3.4E). Although low GOT2 expression appeared to be significantly correlated with
favourable patient survival in HPV- HNSCC (p = 0.029; Figure 3.4F), it lost its significance
after correcting for FDR (g = 0.20).
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Figure 3.4. Low expression of ELOVL6, GOT2 and SLC16A2 is associated with
improved patient survival in HPV+ HNSCC. Expression of (A) ELOVL6, (D) GOT2,
and (G) SLCI16A42 in HPV+, HPV- HNSCC tissue samples and normal control tissues.
Overall five-year survival outcomes in HPV+ HNSCC and HPV- HNSCC patients
dichotomized by median (B,C) ELOVLG6 expression, (E,F) GOT2 expression, and (H,I)
SLC16A2 expression. p = Two-sided log-rank test and q = Benjamini-Hochberg FDR

method. Gray = low transcript expression, Black = high transcript expression. **** p <

0.0001, ns (not significant)
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3.3.5 Low Expression of SLC16A2, a Thyroid Hormone Transporter, in
HPV+ HNSCC is Associated with Better Overall Survival.
Increased expression of the monocarboxylic acid transporter family member, SLC16A41
(MCT1I) was recently reported to be associated with poor survival outcomes in HNSCC
(Fleming et al., 2019). Although, expression of SLC16A41 was significantly higher than
normal head and neck tissues for both HPV+ and HPV- HNSCC, and expression of
SLC16A1 was higher in HPV- HNSCC than HPV+ HNSCC, the impact of differential
expression of SLC16A41 on overall survival in either HPV+ or HPV- HNSCC was not
significant (p > 0.05). Of the various family members, only expression of SLC1642
(MCT8), whose main function is thyroid hormone transport, appeared to be associated with

altered overall survival (Figure 3.4G-I).

Expression of SLC16A42 was significantly lower in HPV+ HNSCC when compared to
either HPV- HNSCC or normal control tissues (Figure 3.4G). HPV+HNSCC samples were
dichotomized based on median SLC/6A42 expression. Again, low expression of SLC16A42
was associated with improved patient survival in HPV+ HNSCC patients (p = 0.0036, FDR
= 0.047) (Figure 3.4H), but not in patients with HPV- HNSCC (p = 0.26, FDR = 0.48)
(Figure 3.41).

3.3.6 COX16, COX17, and SLC16A2 are Independently Correlated
with Favourable Survival Outcomes in HPV+ HNSCC
To determine the extent that each of the HPV+ HNSCC survival-associated genes could
influence patient outcomes, we generated a hazard ratio (HR) for each gene and a variety
of clinical variables by univariate analysis (Table 4.1). Each HR describes the relative
increase in risk of death for the first variable x vs y (Spruance et al., 2004). As expected,
the HR for each metabolic gene was significantly below 1, indicating a greatly reduced risk
of death. In contrast, a comparison of the oral cavity vs the oropharynx subsites for HPV+
HNSCC generated a hazard ratio of 2.82, indicating that HPV+ HNSCC in the oral cavity

is associated with a 2.82x increased risk of mortality compared to oropharynx.

As the contribution of these genes to overall survival might not be independent of one

another, we also analyzed the relationship between survival and gene expression for all
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Table 3.1. Univariate and multivariate analysis of the association of clinical variables
and expression of metabolic genes with overall survival in HPV+ HNSCC.

. Univariate Multivariate
Variables
HR (95% CI) P value HR (95% CI) P value
Sex Male vs Female 0.81 (0.18-3.62) 0.78
Age per every additional year  0.99 (0.94-1.04) 0.74
Oral cavity vs Oropharynx  2.82 (1.02-7.80) 0.045 13.59 (2.67-69.11)  0.002
Subsite Larynx vs Oropharynx 1.52 x 108 (0-Inf) 1.00 3.67 x 10710 (0-Inf) 1.00
Hypopharynxvs 157x10%(0-Inf) ~ 1.00  1.10x 10 (0-Inf)  1.00
Oropharynx
T Stage T3-T4 vs T1-T2 1.03 (0.36—2.91 0.96
N Stage N2b-N3 vs NO-N2a 0.41 (0.14-1.19 0.10
Overall Stage IV vs I-11I 0.76 (0.26—2.24 0.62
HPV Type 33, 35,56 vs 16 3.33 (1.14-9.78 0.028 16.88 (3.24-87.88)  0.0008

)
)
)
)
COX16 Low vs High Expression  0.19 (0.05-0.72) 0.015 0.059 (0.009-0.39)  0.003
COX17 Low vs High Expression 0.13 (0.03-0.47) 0.002 0.03 (0.003-0.35) 0.005
)
)
)
)
)

COX7A1 Low vs High Expression 0.22 (0.06-0.77 0.018 0.25 (0.04-1.56) 0.14
ELOVL6 Low vs High Expression 0.17 (0.04-0.65 0.009

GOT2 Low vs High Expression 0.24 (0.07-0.79 0.019

SDHC Low vs High Expression 0.23 (0.07-0.77 0.018
SLC16A2 Low vs High Expression 0.17 (0.04-0.63 0.008 0.07 (0.01-0.37) 0.002
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survival-associated metabolic genes and clinical variables concurrently by multivariate
analysis (Table 4.1). The hazard ratios for COX16, COX17, and SLC16A2 remained
significant, indicating that low expression of each of these genes is a significant, and
potentially independent, contributor to overall survival. COX7A41 had a minor contribution
to survival in this model. The multivariate model also included subsite (oral cavity vs.
oropharynx) and HPV type as significant contributing factors to survival as previously
reported in the literature (Bratman et al., 2016; Chatfield-Reed et al., 2020; Goodman et
al., 2015; O’Rorke et al., 2012).

To test whether concurrent low expression of these genes had an additive effect on survival,
we stratified the HPV+ HNSCCs into groups, based on high expression or low expression
for a combination of any two of these seven survival-associated genes. When survival of
HPV+ HNSCC patients with low expression of both COX16 and COX17 in their tumours
was compared to survival of patients with high expression of both genes, survival was
significantly greater in the COX16 and COX17 double low expression group (p = 0.0015)
(Figure 3.5A). In patients with low expression of both COX16 and SLC16A42, survival was
almost 100% until approximately 4.75 years and significantly better (p = 0.0021) than
samples expressing high levels of both genes (Figure 3.5B). In patients with low expression
of both COX17 and SLC16A42 (Figure 3.5C), survival was 100%, which was significantly
higher than patients expressing high levels of both COX17 and SLC16A42 (p = 0.00027;
Figure 3.5C).

Figure 3.6 shows that there was no significant correlation between the expression of
SLC16A42 and COX16 or SLC16A42 and COX17. This provides further evidence that the
improved survival associated with low expression for each of these genes may occur
independently of one another. Additionally, the multivariate analysis indicates that COX16
and COX17 independently contribute to survival despite the correlation between these two

genes (Figure 3.6).

3.4 Discussion

Our analysis identified many changes in expression of metabolism-associated genes

between HPV+ and HPV- HNSCC when compared to normal control tissues. The
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expression of seven genes was predictive of survival for HPV+ HNSCC patients. In each
case, reduced expression correlated with improved survival, suggesting that reduced
tumour cell metabolism is prognostically favorable. None of these genes were associated
with altered survival in HPV- HNSCC, reinforcing the concept that HPV+ and HPV-
HNSCC are distinct tumour entities (Gameiro et al., 2017, 2018; Seiwert et al., 2015;
Worsham et al., 2013). This is not unexpected, as E6 from HPV16 and HPV 18 can increase
the expression of mitochondrial cellular respiration genes in a head and neck cancer cell
line (Cruz-Gregorio et al., 2019), which matches our observation of increased expression
of these genes in HPV+ HNSCCs when compared to HPV- HNSCCs. In addition, E6 and
E7 may also be responsible for perturbing glycolysis in HPV+ cervical cancer cells (Guo
et al., 2014; Ma et al., 2019), which could explain our observation of increased expression
of glycolytic genes in HPV+ HNSCC as compared to normal control tissues. Interestingly,
most of the survival-associated genes we identified in our study can be inhibited by small

molecule inhibitors as outlined below.

As shown in our results, limiting SDHC may serve as a unique target in virally transformed
HPV+ HNSCCs. SDHC encodes part of mitochondrial respiratory complex II, for which a
few selective inhibitors exist. a-tocopheryl succinate (a-TOS) is a vitamin E analogue,
which has selective growth inhibitory properties for some human cancer cells (Neuzil et
al., 2007). a-TOS can induce apoptosis by increasing the levels of reactive oxidative
species (ROS), triggering stress response pathways (Neuzil et al., 2007). a-TOS is also
effective at inhibiting tumour growth (Kanai et al., 2010) in in vivo xenograft mouse
models. Interestingly, a-TOS inhibited growth of several HNSCC cell lines in vitro and in
vivo (Gu et al., 2008). Given that all of these experiments were done using HPV- HNSCC,
a-TOS may be even more toxic to HPV+ HNSCCs based on the correlation between SDHC

expression and HPV+ HNSCC survival outcomes we observed.

Specific small molecule inhibitors for both the COX741 and COX16 gene products have
not yet been identified. However, as both are part of mitochondrial respiratory complex 1V,
it is possible that the complex IV inhibitors ADDA 5 (Oliva et al., 2016) and
tetrathiomolybdate (Kim et al., 2015) could prove useful to phenocopy any metabolic

effects associated with low gene expression, promoting enhanced survival in HPV+
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HNSCC. It is also important to note that COX16 is an inhibitor of p53 activity, which
means that non-mitochondrial functions of COX16 should not be discounted (Siebring-van
Olst et al., 2017). E6 has been shown to inhibit expression of COX16 (Butz et al., 1999),
which may contribute to the lower levels observed in HPV+ versus HPV- HNSCC (Figure
3.3D). MitoBloCK-6 is an inhibitor of mitochondrial respiratory complex IV that
specifically targets the COX17 protein (Dabir et al., 2013). Whether inhibition of cellular
respiration is less effective in HPV- HNSCCs because they are already more oxidatively
stressed than HPV+ HNSCCs (The Cancer Genome Atlas Network, 2015), perhaps as a

result of being less adapted to utilize cellular respiration, is an open question.

Two inhibitors of ELOVL6 were able to reduce the fatty acid composition of hepatocytes
and the liver in a murine model of obesity (Shimamura et al., 2009, 2010), but the effects
of these compounds on cancer cells have not been explored. Another potential druggable
target to influence ELOVL6 expression is ATP citrate lyase (ACLY), which has a wide
variety of inhibitors (Granchi, 2018). Expression of ELOVLG6 has been shown to decrease
concurrently with ACLY inhibition (Migita et al., 2014). Whether ELOVL6 inhibition

would reduce the growth of HPV+ HNSCC cell lines remains to be examined.

In our study, we found that low expression of GOT2 was associated with statistically
significant survival in both groups (p < 0.05). However, only expression of GOT2 in our
HPV+ HNSCC group met the FDR cut-off of ¢ = 0.1. This means that while GOT2 may
be important for survival outcomes in both HPV+ and HPV- HNSCC, it is likely that it has
a more substantial contribution to patient survival in HPV+ HNSCC. In breast cancer,
sensitivity to a nucleotide synthesis inhibitor, methotrexate, has been linked to high GOT2
expression (Hong et al., 2019). This is likely due to the function of GOT2 in providing
aspartate for nucleotide biosynthesis (Hong et al., 2019). It is possible that HPV+ HNSCCs,
or potentially any HNSCCs expressing high levels of GOT2, may be sensitive to

methotrexate, but this remains to be explored.

SLC16A2 encodes a plasma membrane T3/T4 transporter. Once inside the cell, T3/T4 can
bind nuclear and mitochondrial-localized thyroid hormone receptors, which are key

regulators of mitochondrial biogenesis (Weitzel and Alexander Iwen, 2011). As HPV+
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HNSCC may be more reliant on cellular respiration than HPV- HNSCC, it is possible that
inhibiting SLC16A2-mediated thyroid hormone transport across the plasma membrane
could preferentially inhibit ATP generation in HPV+ HNSCCs. Some TKIs, such as
sunitinib, imatinib, dasatinib, and bosutinib, may inhibit SLC16A2 (Braun et al., 2012).
These TKIs are already employed to treat a wide variety of cancers and are being evaluated
for the treatment of HNSCC (Schmitz et al., 2014). As such, they may be especially suitable
for the treatment of HPV+ HNSCCs expressing SLC16A42 at high levels. We extracted data
from our previous study of 27 HNSCC cell lines (6 HPV+and 21 HPV- HNSCC cell lines)
examining the effects of a variety of agents on cell growth and proliferation, including the
TKI inhibitors mentioned above (Ghasemi et al., 2018). Of the TKIs tested, dasatinib was
selectively cytotoxic to HPV+, but not HPV- HNSCC cell lines (Figure 3.7), suggesting
that it could be used as a treatment for HPV+ HNSCC that expresses high levels of
SLC1642. A flavonoid, silychristin, also inhibits SLC16A2 (Johannes et al., 2016), but has
not been studied in cancer models. Other antithyroid hormones used to treat
hyperthyroidism, such as carbimazole, methimazole, and potassium perchlorate, could
preferentially inhibit HPV+ HNSCC by mimicking inhibition of the SLC16A2 transporter.
In one study, methimazole was used to experimentally treat patients with end-stage solid
tumours and resulted in improved survival (Hercbergs et al., 2015). High levels of thyroid
hormone can promote proliferation of some cancers (Hercbergs et al., 2018), and thyroid
hormone mimetics which function as antagonists, such as tetraiodothyroacetic acid (tetrac)
and triiodothyroacetic acid (triac) appear to exhibit an antiproliferative effect on breast

cancer (Hercbergs et al., 2018) and T cell lymphomas (Cayrol et al., 2019).

While our univariate analysis of all seven genes confirmed that their expression was
significantly correlated with survival, our multivariate analysis indicated that COX16,
COX17,and SLC16A2 were independently associated with overall survival. This suggested
that the collective changes in the expression of these three genes could be a powerful
predictor of clinical outcome. This was supported by our observation that the overall
survival for the group of patients exhibiting simultaneously low expression of any two of
these genes was far better than those simultaneously expressing high levels. Thus,

expression of these genes may have prognostic utility. Furthermore, COX16, COX17, and
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Figure 3.7. Tyrosine kinase inhibitor activity in 27 HNSCC cell lines based on HPV
status. B-scores +/- SEM were calculated for HPV+ and HPV- HNSCC cell lines from a

high throughput drug screen. Active drugs exhibit a B-score below -2. Red line = HPV-,

Black line = HPV+. Figure adapted from data from a previously published study by the

Mymryk and Nichols labs (Ghasemi et al., 2018).
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SLC1642 may represent attractive therapeutic targets for HPV+ HNSCC that warrant
further exploration, especially considering that treatment with specific inhibitors may

phenocopy the effects of low expression of these metabolic genes.

It is important to be cognizant of the limitations to this kind of study. One limitation to this
study was the lack of protein data in the TCGA to corroborate the HPV+ HNSCC mRNA
expression data. This is an important consideration, as levels of protein expression do not
necessarily mirror mRNA expression (Fortelny et al., 2017). As with any high throughput
dataset, batch effects that result from processing could be reflected in the data (Leek et al.,
2010). In addition, the RNA-seq data contained within the TCGA reflects average mRNA
expression within the whole tumour and does not identify expression differences between
the various tumour cells as could be obtained from single-cell RNA sequencing platforms
(Aran et al., 2015; Hwang et al., 2018). However, the bulk of the tissue that was sequenced
is of tumour origin (Aran et al., 2015). Also, it is important to be aware that the TCGA
contains HNSCC data from a single, albeit high quality, cohort and it would be useful to
validate these genes of interest in other cohorts in the future. Finally, the concept of
biomarker identification itself has its own caveats. Specifically, all of the survival-
associated genes we identified in this study are only correlated with survival, which does
not equal causation (Kaelin, 2017). In addition, as with all studies of this type, there exists
the possibility that these correlations are due to chance or occur as the result of another
confounder (Kaelin, 2017). However, despite these limitations, the seven metabolic genes
identified in this study provide an interesting starting point for considering the metabolic
differences between HPV+ and HPV- HNSCC as new prognostic markers or potential
targets for therapy.

3.5 Conclusions

In summary, our analysis of HNSCC TCGA data stratified by HPV status indicated that
the metabolic profile of HPV+ and HPV- HNSCC are strikingly different. HPV- HNSCCs
may utilize glycolysis to a greater extent than HPV+ HNSCCs, while HPV+ HNSCCs may
be more reliant on the TCA cycle, cellular respiration, and B-oxidation than HPV-

HNSCCs. Despite this difference, both types of HNSCCs likely exhibit far less cellular
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respiration than normal head and neck tissues, consistent with a cancer-associated Warburg
phenotype (Pavlova and Thompson, 2016). Importantly, expression of genes involved in
mitochondrial complex II and mitochondrial complex IV were associated with survival for
HPV+ HNSCC patients. Namely, low expression of SDHC, COX7A41, COX16, or COX17
was associated with better survival outcomes. Low expression of ELOVL6, involved in
fatty acid elongation; GOT2, involved in amino acid metabolism; and SLC16A42, involved
in thyroid hormone transport, were also all associated with better survival outcomes in
HPV+ HNSCC patients. However, of these genes, only COX16, COX17 and SLC16A42
were independently correlated with survival outcomes according to our multivariate
analysis. Importantly, COX16, COX17, and SLC1642 were associated with near 100%
survival in all patients with low expression of any two of these genes. The products of these
genes may represent useful new therapeutic targets for HPV+ HNSCC, as inhibition of
their functions could phenocopy the metabolism of those tumours with low levels of

metabolic gene expression, leading to improved survival in HPV+ HNSCC patients.
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Chapter 4

4 Expression and patient survival associations for metabolic
enzyme genes in Epstein-Barr virus associated gastric
cancer

4.1. Introduction

Altered metabolism is a hallmark of a variety of cancers (Pavlova and Thompson, 2016).
The first metabolic changes in cancer cells were observed in the 1920s with the discovery
of the Warburg effect (Warburg, 1925), otherwise known as aerobic glycolysis. Aerobic
glycolysis is an upregulation of glycolysis that occurs despite the presence of ample oxygen
that would otherwise favour cellular respiration in most non-cancerous dividing cells.
Since this time, it has becoming increasingly appreciated that the metabolic alterations that
accompany cancer can vary drastically between cancer types. For example, many tumours
also upregulate glutaminolysis (Jin et al., 2016), which is the breakdown of glutamine into
constitutive components that can be utilized in the tricarboxylic acid (TCA) cycle for
energy production or as precursors to other macromolecules required by the rapidly
growing cancer cells. There are even unusual examples of tumours that preferentially
upregulate and utilize cellular respiration (Vasan et al., 2020). In addition, fatty acid
metabolism (Currie et al., 2013) and nucleotide metabolism (Patra and Hay, 2014) are two
other pathways that are frequently reprogrammed during oncogenesis. In light of the
complexity and interconnected nature of cellular metabolism and the potential for these
pathways to vary from cancer to cancer, it is important to understand how metabolism is

altered in specific cancer types in comparison to the corresponding non-cancerous tissue.

Gastric cancers, of which approximately 95% are stomach adenocarcinomas, can be
divided into four different subtypes based on their molecular signature. These types are 1)
Epstein-Barr virus (EBV)-associated gastric cancer (EBVaGC), i1) microsatellite instable
gastric cancer (MSI GC), which are highly mutated, iii) genomically stable gastric cancer
(GS GC), which carry driver mutations primarily in genes encoding Rho-family proteins,
and iv) those with chromosomal instability (CIN GC), with significant aneuploidy (Bass et

al., 2014). As is the case with a variety of other cancers that can be subdivided based on
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molecular characteristics, such as with human papillomavirus (HPV)-positive and negative
head and neck squamous cell carcinoma (HNSCC) (Prusinkiewicz et al., 2020), it is quite
likely that metabolic characteristics vary between these four subtypes. Interestingly, the
majority of viruses, including EBV, reprogram cellular metabolism in a manner that can
resemble the metabolic program of cancer cells (Goodwin et al., 2015). In terms of virally-
induced cancers, including EBVaGC, tumours consistently retain expression of viral
oncoproteins that drive growth, proliferation and altered metabolic function, which
contributes to cancer progression (Mesri et al., 2014). However, as we have shown in our
previous analysis of HPV+ and HPV- HNSCCs, these changes can differ between virally
and non-virally induced cancer subtypes (Prusinkiewicz et al., 2020). In this study, we
analyzed data for EBVaGC from The Cancer Genome Atlas (TCGA), a publicly available
database comprised of multiple datatypes from radiologically or chemotherapeutically
naive fresh frozen tissues (The Cancer Genome Atlas Research Network et al., 2013).
These data types include RNAseq and corresponding anonymized patient survival data for
the individuals from which the tumours were resected. We wanted to compare the
transcriptomic metabolic profile of EBVaGC tissues to non-cancerous gastric tissues. To
do this, we compared the expression of transcripts encoding metabolic enzymes from a
variety of metabolic pathways, including glycolysis, the TCA cycle, cellular respiration,
the pentose phosphate pathway (PPP) and fatty acid metabolism. We also determined
whether differences in the expression of these transcripts within EBVaGCs were correlated

with any differences in patient survival.

Our analysis identified that EBVaGCs display preferentially upregulated expression of
mRNA for genes involved in glycolysis and the PPP, while transcripts encoding enzymes
involved in the TCA cycle, cellular respiration, fatty acid beta-oxidation were
downregulated. Additionally, it appeared that the expression of seven different
metabolism-related transcripts were significantly associated with EBVaGC patient survival
outcomes. Patients with EBVaGC tumours that had high expression of either PFKM,
ACLY, SCD, RPE, or SLC16A13 had better survival outcomes than EBVaGC patients
whose tumours had low amounts of these transcripts. In addition, patients with EBVaGC
tumours that had low expression of either ALDOB or NDUFA4L?2 appeared to have better

survival outcomes than patients with tumours that had high expression of these genes.
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Based on a comparison of data from our analysis to data in the literature for EBVaGC, we
propose that EBVaGC is metabolically distinct from non-EBV associated gastric cancer.
This could have implications on the metabolic function of the tumours and potentially serve

as biomarkers for patient outcomes.

4.2. Materials and Methods
4.2.1.RNA Expression Analysis

As in our previous analysis (Ghasemi et al., 2020), we utilized the TCGA/PanCancer Atlas
gastric carcinoma (STAD) cohort Level 3 RNA-Sequencing by Expectation Maximization
(RSEM) normalized Illumina HiSeq RNA expression dataset, with merged clinical data,
downloaded from the Broad Genome Data Analysis Centers Firehose Server (Cambridge,

MA, USA; https://gdac.broadinstitute.org) (Broad Institute TCGA Genome Data Analysis

Center, 2016). The gene level Firehose dataset was used. The data was curated as EBVaGC
based on reported clinical data according to the 2018 TCGA PanCancer Atlas dataset from
cBioPortal (http://www.cbioportal.org/). There were 30 EBVaGCs, 223 CIN GCs, 50 GS

GCs, 73 MSI GCs and 35 non-cancerous tissue samples used for this analysis. Transcript
expression levels from a manually curated list of metabolism associated genes, as described
in (Prusinkiewicz et al., 2020), were compared between the GC subtypes and non-
cancerous tissue using a Mann-Whitney U test, generating a p-value. This value was
corrected using the Benjamini-Hochberg method with a threshold of significance at 0.1,

generating a q-value.

4.2.2.Venn Diagram Visualization

To visualize the differences in metabolism-related gene regulation in each GC subtype, a
Venn diagram illustrating the overlap between GC expression patterns was constructed
with the web-based program InteractiVenn (Heberle et al., 2015) using the data generated
from our RNA expression analysis (see Supplementary Table 4.1). Each gene that was
significantly up or downregulated was included in the dataset for that GC subtype. Adobe
Mlustrator (San Jose, CA, USA) was used to further process the image to include the full
gene abbreviations and typography designated to correspond to an upregulation (bold),

downregulation (italics), or varied regulation dependent on GC subtype (regular font).
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4.2.3.Survival analysis

Survival outcomes for GC patients were analyzed for a five-year period with a comparison
between survival for patients with tumours that expressed high or low levels of each
metabolic gene dichotomized by median expression as described in (Prusinkiewicz et al.,
2020). For each Cox survival model, Log-rank statistical p-values were calculated.
Additionally, the Benjamini-Hochberg analysis at a threshold of significance at 0.1, was

used to generate a g-value.

4.3. Results

We analyzed mRNA expression data to compare the metabolic profile of EBVaGC tissues
to non-cancerous gastric tissues. This analysis included transcripts encoding metabolic
enzymes from several metabolic pathways, including glycolysis, the TCA cycle, cellular

respiration, the PPP and fatty acid metabolism.

In certain metabolic pathways, such as glycolysis, there is a degree of functional
redundancy that results from the presence of multiple different genes encoding metabolic
enzymes that can perform the same function. For example, four different genes encode
hexokinases, the enzymes responsible for the first step of glycolysis. However, expression
of each of these genes may not be up or downregulated to the same extent or in the same
direction for each step of a metabolic pathway. Understanding how the different enzymes
involved in a certain step of glycolysis are up or downregulated can give insight as to which
family-member EBVaGC may be reliant upon. Differentially regulated enzymes can then
represent a targetable weak point or biomarker for the cancer. This is especially true when
the expression data is combined with patient survival data, which can give a further level

of insight as to how EBVaGC may be reliant on a certain metabolic enzyme.

4.3.1.Glycolysis

As mentioned above, hexokinase is the enzyme responsible for the conversion of glucose
to glucose 6-phosphate in the first step of glycolysis. However, in EBVaGC, these four
hexokinases were not necessarily regulated in the same direction. Specifically, transcripts

for both hexokinase 2 (HK2) and hexokinase 3 (HK3) were upregulated while transcripts
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for hexokinase 1 (HK/) and glucokinase (GCK) were downregulated when compared to
non-cancerous tissue (Figure 4.1; Table 4.1). This suggested that EBVaGC may be more
reliant on HK2 and HK3 for initiating glycolysis, which could have implications for the
therapeutic inhibition of this step in the pathway. The upregulation of transcripts for the
second enzyme involved in glycolysis, glucose 6-phosphate isomerase (GPI) in EBVaGC
provided further evidence that glycolysis was upregulated in EBVaGC when compared to

non-cancerous tissue.

However, in the third step of glycolysis the regulation of glycolytic transcripts was more
complex. Phosphofructokinase (PFK) is responsible for the conversion of fructose-6-
phosphate into fructose-1,6-biphosphate and is encoded by a variety of different genes.
Transcripts for only one PFK family-member differed in EBVaGC when compared to non-
cancerous tissue. Transcripts for phosphofructokinase, liver type (PFKL) were
downregulated in EBVaGC. The potential dependence of EBVaGC on low levels of
phosphofructokinases for cancer proliferation was supported by patient survival data
corresponding to expression levels of another phosphofructokinase transcript,
phosphofructokinase, muscle type (PFKM). EBVaGC patients with high levels of PFKM
had better survival outcomes when compared to EBVaGC patients with low levels of
PFKM (Figure 4.2A). However, the survival curve for PFKM did not meet the Benjamini-
Hochberg FDR g-value cut-off (Supplementary Table 4.1).

For genes encoding the various aldolase (ALDO) enzymes in the steps of glycolysis that
convert fructose 1,6-biphosphate into either glyceraldehyde 3-phosphate or
dihydroxyacetone phosphate, transcripts for both ALDOA and ALDOC were decreased in
EBVaGC when compared to non-cancerous tissue (Figure 4.1; Table 4.1). Interestingly,
the amount of ALDOB transcript present in the tumours of EBVaGC patients was also
correlated with survival outcomes. EBVaGC patients with high transcript levels of ALDOB
had worse survival outcomes than patients with low levels of ALDOB (Figure 4.2B). This
suggests that EBVaGC tumours are reliant on ALDOB to encode a functioning aldolase as
levels of ALDOA and ALDOC transcript are lower than non-cancerous tissue (Figure 4.1;

Table 4.1). Unlike phosphofructokinase, this step of glycolysis also does not represent a



Table 4.1 Glycolysis genes that were differentially regulated in EBVaGC.

Upregulated  p-value! g-value! Downregulated  p-value! g-value!
HK2 6.50x 104+  2.60x 1073 HK1 148 x10¢  1.07 x 10~
HK3 245x108  2.94x107 GCK 1.59x107  1.43x10*
GPI 431x10+  1.94x103 PFKL 1.12x 102 2.69 x 102

PGK1 4.43x10° 1.23 x 102 ALDOA 8.36x 10+ 3.01x103
ENO1 276 x10%  9.03x103 ALDOC 2.33x10° 8.30x10%
PKM?2 1.25x 104  7.50 x 10+ PGAM]1 727x103  1.87x 102
LDHA 3.28x102  6.95x 102 PGAM?2 1.79x 104  9.21 x 10+
PGAM4 311x10° 9.33x103

LDHB 297x102  6.68 x 102

SLC2A4 461x10° 8.30x10%

! In comparison to matched non-cancerous tissue

111



112

EBVaGC
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Figure 4.1. Venn diagram of differentially regulated glycolysis-related genes in GC.
For each GC subtype, gene expression was compared to non-cancerous tissue. Gene names
in italics were downregulated compared to non-cancerous tissue. Gene names in bold were
upregulated compared to non-cancerous tissue. Gene names in regular font indicate that
the gene was upregulated in one GC subtype, but downregulated in another. Each gene

listed on this diagram met the significance threshold of p = 0.05 and an FDR cut-off of 0.1.
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significant bottleneck or branching point. Note that the FDR value for the ALDOB survival
curve did not meet the g-value cut-off of 0.1 (Supplementary Table 4.1).

The next glycolytic gene that displayed differential mRNA expression between EBVaGC
and non-cancerous tissue was PGK/, which encodes phosphoglycerate kinase 1 (Figure
4.1; Table 4.1). Transcripts for PGK were upregulated, as would be expected for a cancer
cell more highly reliant on glycolysis than non-cancerous tissue. Transcripts encoding all
functional phosphoglycerate mutases (PGAM1, PGAM?2, PGAM4) were downregulated in
EBVaGC when compared to non-cancerous tissue (Figure 4.1; Table 4.1). Expression of
mRNAs encoding the final enzymes involved in glycolysis were also upregulated in
EBVaGC. Transcripts for each of enolase 1 (ENOI), pyruvate kinase M1/2 (PKM), and
lactate dehydrogenase A (LDHA) were all upregulated (Figure 4.1; Table 4.1).
Corresponding to this, LDHB transcripts were downregulated in EBVaGC (Figure 4.1;
Table 4.1), which was not unexpected since it appears that LDHA preferentially converts
pyruvate to lactate while LDHB preferentially converts lactate to pyruvate (Urbanska and
Orzechowski, 2019). Consequently, cancer cells employing anaerobic glycolysis typically

express higher levels of LDHA (Urbanska and Orzechowski, 2019).

In regards to the other GC subtypes, each of the seven upregulated glycolysis genes in
EBVaGC were also upregulated in MSI GC, while CIN GC only showed upregulation of
HK2, HK3, ENOI, and PKM?2 in common with EBVaGC (Figure 4.1; Supplementary
Table 4.1). HK3 was the only glycolytic gene that was upregulated in both EBVaGC and
MSI GC (Figure 4.1; Supplementary Table 4.1). As for the genes downregulated in
EBVaGC, none of the other GC subtypes had a similar pattern of downregulation for all
ten genes. CIN GC downregulated nine of the genes, with the exception of LDHB (Figure
4.1; Supplementary Table 4.1). GS GC shared downregulation of HK1, ALDOA, ALDOC,
PGAMI1, PGAM?2, and PGAM4 (Figure 4.1; Supplementary Table 4.1). Only 5 of the genes
downregulated in MSI GC were in common with those downregulated in EBVaGC, these
being HK1, GCK, ALDOC, PGAM?2, and SLC2A44 (Figure 4.1; Supplementary Table 4.1).
Collectively, these differences provide evidence that each GC subtype may be

metabolically distinct.
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Figure 4.2. Expression of two transcripts that encode glycolytic enzymes were

associated with EBVaGC patient survival outcomes. (A) Five-year survival outcomes

dichotomized by median expression of PFKM. (B) Survival outcomes dichotomized by

median expression of ALDOB. p = Two-sided log-rank test. Blue = low transcript

expression, Red = high transcript expression.
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4.3.2. Tricarboxylic Acid Cycle

Transcripts encoding enzymes within the TCA cycle tended to be downregulated in
EBVaGC. For example, PDHB, which encodes the pyruvate dehydrogenase E1 beta
subunit, was downregulated in EBVaGC when compared to non-cancerous tissue (Figure
4.3; Table 4.2). Paradoxically, the PDPI transcript, which encodes pyruvate
dehydrogenase phosphatase catalytic subunit 1 and contributes to the activation of the
pyruvate dehydrogenase complex, was upregulated in EBVaGC, as was the PDHX
transcript, which encodes the pyruvate dehydrogenase complex component X (Figure 4.3;
Table 4.2). Despite the upregulation of these two transcripts related to the pyruvate
dehydrogenase complex in EBVaGC, the majority of TCA cycle enzyme-encoding
transcripts were downregulated in EBVaGC (Table 4.2).

Interestingly, EBVaGCs exhibited differential regulation of ACOI and ACO2 expression,
which both encode an aconitase. These showed opposite trends. Transcripts for ACO2 were
upregulated, while transcripts for ACO! were downregulated in EBVaGC when compared
to non-cancerous tissue (Figure 4.3; Table 4.2). However, the rest of the differentially
regulated TCA cycle transcripts were downregulated in EBVaGC (Figure 4.3; Table 4.2).
These transcripts include IDH2? and [IDH3G, which encode different isocitrate
dehydrogenases; OGDH, which encodes oxoglutarate dehydrogenase; SUCLA I, SUCLA2,
and SUCLG2, which encode components of succinate-COA ligase. Continuing through the
TCA cycle, transcripts encoding the final enzymes in the cycle were also downregulated.
These were FFH, which encodes fumarate hydratase, and MDH 1, which encodes a malate
dehydrogenase. Although many of TCA cycle genes were downregulated when compared
to non-cancerous tissue, high or low levels of any TCA cycle transcript between different

cases of EBVaGC was not a prognostic indicator for patient survival.

As for the expression of these differentially regulated TCA cycle genes in other GC
subtypes, both CIN GC and MSI GC shared upregulation of all three TCA cycle genes that
were upregulated in EBVaGC (Figure 4.3; Supplementary Table 4.1). GS GC only shared
upregulation of PDPI and ACO?2 (Figure 4.3; Supplementary Table 4.1). As for the TCA
cycle genes that were downregulated in EBVaGC, GS GC downregulated the same ten
genes as EBVaGC (Figure 4.3; Supplementary Table 4.1). Both CIN GC and MSI GC
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EBVaGC

Tricarboxylic Acid Cycle

Figure 4.3. Venn diagram of differentially regulated TCA cycle-related genes in GC.
For each GC subtype, gene expression was compared to non-cancerous tissue. Gene
names in italics were downregulated compared to non-cancerous tissue. Gene names in
bold were upregulated compared to non-cancerous tissue. Gene names in regular font
indicate that the gene was upregulated in one GC subtype, but downregulated in another.
Each gene listed on this diagram met the significance threshold of p = 0.05 and an FDR
cut-off of 0.1.




Table 4.2. TCA cycle genes that were differentially regulated in EBVaGC.

Upregulated  p-value! g-value! Downregulated  p-value! g-value!
PDHX 1.00x102  1.60x 102 PDHB 6.23x10®%  4.15x107
PDP1 1.15x107  5.75x 107 ACO1 247x10° 6.18x105
ACO2 8.98x107  3.00x10°¢ IDH? 479x107  1.90x 10

IDH3G 1.04x102  1.60 x 102
OGDH 6.30x10°  6.30x 108
SUCLA2 477x104  9.54x 104
SUCLG1 517x10° 6.30x10%
SUCLG2 230x10¢  6.60x 106
FH 1.73x103  3.15x 103
MDH1 748x105  1.66x 104

! In comparison to matched non-cancerous tissue
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downregulated 7 genes in common with EBVaGC, the exceptions being IDH3G, SUCLA2,
and FFH in CIN GC, and IDH?2, SUCLA2, and FH in MSI GC.

4.3.3.Cellular Respiration

We observed a consistent downregulation of transcripts encoding components of cellular
respiration complexes, indicating that EBVaGCs were utilizing less oxidative
phosphorylation than non-cancerous tissue. For all of the mitochondrial respiratory
complexes, there were a large number of downregulated complex-subunit encoding

transcripts (Tables 4.3-4.6; Figure 4.4).

Even in complex IV (Table 4.6; Figure 4.4D), the majority of differentially regulated
EBVaGC transcripts were downregulated when compared to non-cancerous tissue,
although there were a few which were upregulated. However, in light of the trend for
transcripts in all four complexes, it is unlikely that the products of these upregulated
transcripts would be sufficient to maintain cellular respiration in EBVaGC at levels present

in normal control tissues (Table 4.6; Figure 4.4D).

GS GC downregulated the same set of cellular respiration complex I genes observed for
EBVaGC, while CIN GC downregulated the same set of genes except for NDUFV?2,
NDUFS2, and NDUFBY, which remained at the same level as non-cancerous tissue (Figure
4.4A; Supplementary Table 4.1). MSI GC had the fewest number of downregulated
respiration complex I genes that overlapped with those downregulated in EBVaGC. 10
respiration complex I genes that were downregulated in EBVaGC were not downregulated
in MSI GC (Figure 4.4A; Supplementary Table 4.1). Both CIN GC and GS GC
downregulated the same set of three respiratory complex II genes as EBVaGC, while MSI
GC only shared downregulation of SDHC with EBVaGC (Figure 4.4B; Supplementary
Table 4.1).

In cellular respiration complex III, both CIN GC and GS GC shared downregulation of 7
of the 8 genes downregulated by EBVaGC (Figure 4.4C; Supplementary Table 4.1). CIN
GC did not downregulate UQCRH, while GS GC did not downregulate UQCRB. MSI GC
only shared downregulation of 4 of the 8 genes downregulated by EBVaGC (Figure 4.4C;
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Table 4.3. Respiratory complex I genes that were differentially regulated in EBVaGC.

Note that all genes were downregulated in EBVaGC.

Downregulated  p-value! g-value! Downregulated p-value! g-value!
NDUFS4 1.06 x106¢  1.68 x 10~ NDUFA1 2.79x10> 2.00x 104
NDUFV1 1.93x102  4.15x 102 NDUFA13 7.65x104 235x103
NDUFV2 549x10° 1.31x102 NDUFB9 124x103 3.33x103
NDUFS1 124x 106  1.68 x 10~ NDUFBI11 499x102 825x1072
NDUEFS2 223x102 4.36x102 NDUFA11 1.19x 104 4.26x 10+
NDUFS7 1.56 x 106 1.68 x 10 NDUFAF1 1.73x103  4.38x 103
NDUFS8 1.03x103  295x10° NDUFAS 4.69x102 8.07x 102
NDUFS3 460x10°> 2.16x104 NDUFA2 241x102 4.51x10?2

NDUFA10 2.68x102  4.80x 102 NDUFB7 460x10°> 2.16x 104
NDUFV3 1.56 x106¢  1.68 x 10~ NDUFA®6 4.09x10° 2.16x104
NDUFBI10 520x 10> 2.16x104 NDUFBS 553x10° 2.16x10+
NDUFC(C1 3.67x104  1.21x103 NDUFBI1 2.79x10°> 2.00x 104
NDUFAF3 144 x102  3.26 x102 NDUFA4 2.14x102 4.36 x 102

! In comparison to matched non-cancerous tissue

Table 4.4. Respiratory complex II genes that were differentially regulated in
EBVaGC. Note that all genes were downregulated in EBVaGC.

Downregulated  p-value! g-value!
SDHB 3.28x102 4.37x102
SDHC 1.19x 10+  3.38 x 10+
SDHD 1.69x 10+  3.38 x 10+

! In comparison to matched non-cancerous tissue

Table 4.5. Respiratory complex III genes that were differentially regulated in
EBVaGC. Note that all genes were downregulated in EBVaGC.

Downregulated  p-value! g-value!
UQCRFS1 1.19x103  4.73x 103
UQCRC1 1.58x103  4.73x 103
UQCRC2 1.50x 10+ 1.35x10%

UQCRB 210x10° 4.73x103
UQCRQ 791x103  1.19x 102
UQCRH 439x102 4.94x102
UQCR10 1.17x 102  1.50 x 102
UQCR11 2.76 x 102 4.97 x 103

! In comparison to matched non-cancerous tissue



Table 4.6. Respiratory complex IV genes that were differentially regulated in

EBVaGC.

Upregulated  p-value! g-value! Downregulated  p-value! g-value!
COA1 4.05x107  3.14x10% COX6B1 499x102 9.10x 102
COA7 1.15x107  1.19x10* COX8A 1.19x103  3.69 x 10°
COX15 1.26x102  3.00 x 102 COX411 2.00x 104 8.86x 10+
COX18 454x102  8.80x102 COX6A1 126 x102  3.00 x 102
COX19 3.79 x 10° 1.17 x 107 COX5B 424x10¢ 2.19x105

COX7A1 8.98x107  5.57 x 10
coxzc 477x104  1.64x10°3
COX6A2 1.72x102  3.81 x102
COX7B 477x104  1.64x10°3
COA3 311x10°  8.76 x10°3
COX14 3.41x102 7.05x102
COX20 6.78x10%  1.05x10°¢

! In comparison to matched non-cancerous tissue
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Figure 4.4. Venn diagrams of differentially regulated cellular respiration complex
genes in GC. (A) Cellular respiration complex I-related genes. (B) Cellular respiration
complex Il-related genes. (C) Cellular respiration complex Ill-related genes. (D) Cellular
respiration complex ['V-related genes in GC. For each GC subtype, gene expression was
compared to non-cancerous tissue. Gene names in italics were downregulated compared to
non-cancerous tissue. Gene names in bold were upregulated compared to non-cancerous
tissue. Gene names in regular font indicate that the gene was upregulated in one GC
subtype, but downregulated in another. Each gene listed on this diagram met the

significance threshold of p = 0.05 and an FDR cut-off of 0.1.
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Figure 4.5. Five-year survival outcomes dichotomized by median expression of the

cellular respiration complex I component encoding transcript NDUFA4L2. p = Two-

sided log-rank test. Blue = low transcript expression, Red = high transcript expression.
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Supplementary Table 4.1). These were UQCRC2, UQCRQ, UQCRI10, UQCR11. Of the 17
cellular respiration complex IV genes that were differentially regulated in EBVaGC, five
of these did not share differential regulation in CIN GC. These genes were COX6A42,
COA3, COX15, COX18, and COX20. GS CS shared differential expression of only 11 of
the 17 cellular respiration complex IV genes differentially regulated by EBVaGC. The 6
genes that did not show differential regulation in GS CS were COX741, COX6A42, COAI,
COX15, COX18, and COX20. MSI GC shared a pattern of differential regulation similar to
EBVaGC for 15 of the 17 genes, with the exception of COX6A41 and COX20 (Figure 4.4D;
Supplementary Table 4.1). Low expression of one cellular respiration complex I gene,
NDUFA4L2, appeared to be associated with better survival in EBVaGC (Figure 4.5).
However, this did not meet the g-value FDR cut-off of 0.1 after the Benjamini-Hochberg

procedure.

4.3.4.Fatty Acid Metabolism

The regulation of fatty acid synthesis transcripts in EBVaGC were not consistently skewed
towards upregulation or downregulation when compared to non-cancerous tissue. For
example, transcripts encoding members of the ELO family of fatty acid elongases showed
a split between upregulation and downregulation (Table 4.7; Figure 4.6A). Specifically,
ELOVL4, ELOVLS, and ELOVL6 were all downregulated in EBV+STAD while ELOVL?2,
ELOVL3 and ELOVL7 were all upregulated. ACLY, FASN, and SCD were three other fatty
acid metabolism related transcripts that were upregulated in EBV+ STAD. In contrast,

MEI, ACACB, ACSS1 and ACSS?2 were all downregulated.

Interestingly, two of these fatty acid synthesis genes, ACLY and SCD, were also found to
be associated with survival in EBVaGC (Figure 4.7). Specifically, better survival outcomes
for EBVaGC patients were associated with high transcript expression of either ACLY
(Figure 4.7A) or SCD (Figure 4.7B) when compared to EBVaGC patients with low
transcript expression of either of these two genes. However, once again, the FDR values

for ACLY and SCD did not meet the g-value cut-off of 0.1 (Supplementary Table 4.1).

When compared to other GC subtypes, no other type had an identical pattern of
differentially regulated fatty acid synthesis genes (Figure 4.6A). Of the 13 differentially
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Table 4.7. Fatty acid synthesis genes that were differentially regulated in EBVaGC.

Upregulated  p-value! g-value! Downregulated  p-value! g-value!
ACLY 3.11x 103 1.09 x 102 ME1 212x10%5  4.45x 1014
FASN 7.57 x 103 1.77 x 102 ACSS1 443x10° 1.33x102

ELOVL2 1.00x102  210x 102 ACSS2 1.34x102  2.56 x 102
ELOVL3 212x102  3.42x102 ACACB 3.94x10% 4.14x107
ELOVL7 455x10+  2.39x103 ELOVLI4 296x10°  2.07x 104
SCD 879x104  3.69x103 ELOVL5 1.55x102  2.71x 102
ELOVL6 6.17x103  1.62x 10?2

! In comparison to matched non-cancerous tissue
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Fatty Acid Synthesis Beta oxidation

Figure 4.6. Venn diagrams of differentially regulated fatty acid synthesis-related
genes, and beta-oxidation-related genes in GC. For each GC subtype, gene expression
was compared to non-cancerous tissue. Gene names in italics were downregulated
compared to non-cancerous tissue. Gene names in bold were upregulated compared to non-
cancerous tissue. Gene names in regular font indicate that the gene was upregulated in one
GC subtype, but downregulated in another. Each gene listed on this diagram met the
significance threshold of p = 0.05 and an FDR cut-off of 0.1.
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Figure 4.7. Two transcripts that encode fatty acid synthesis enzymes were associated

with EBVaGC patient survival outcomes. (A) Five-year survival outcomes

dichotomized by median expression of ACLY. (B) Survival outcomes dichotomized by

median expression of SCD. p = Two-sided log-rank test. Blue = low transcript

expression, Red = high transcript expression.

Table 4.8. Beta-oxidation genes that were differentially regulated in EBVaGC.

Upregulated  p-value! g-value! Downregulated  p-value! g-value!
ACAD9 3.28x102  4.92x102 ACADM 743x 1015 1.34x 101
ACADVL 296x10° 7.61x105
ACADL 253x10°  1.14x1038
ACADSB 1.56 x106  4.68 x10¢
HADHA 6.89x 1012 6.20 x 101
HADHB 1.05x10°  6.30 x 10°
HADH 771x107 278 x10%
ECI1 1.80x102  2.95x 102
ACAA1 1.60x 10+  3.20 x 10+
ACAA2 6.16x104 1.11x103
ACAT1 6.60x 105  1.49 x 104

! In comparison to matched non-cancerous tissue
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regulated fatty acid synthesis genes in EBVaGC, CIN GC shared differential regulation of
10 of them, except for ACSSI, ACSS2, and ELOVLS5. GS GC shared a similar pattern of
differential regulation for 7 of the 13, with the exceptions being ACSSI, ACACB, FASN,
ELOVL4,SCD, and ELOVLS. The expression of ELOVLS5 was upregulated in GS GC when
compared to non-cancerous tissue, which was opposite to the downregulation of this gene
in EBVaGC when compared to non-cancerous tissue. MSI GC shared a similar differential
regulation pattern of 8 of the fatty acid synthesis genes with EBVaGC. ACSS1, ACSS?2,
ELOVL2, ELOVLS, and ELOVL6 were the genes that were not differentially regulated in
MSI GC that were differentially regulated in EBVaGC.

In contrast, transcripts involved in beta-oxidation, which is the breakdown of fatty acids,
were highly downregulated in EBVaGC. There were a total of eleven beta-oxidation
transcripts that were downregulated (Figure 4.6B; Table 4.8). Three of these genes HADH,
HADHA and HADHB encode subunits of different hydroxyacyl-CoA dehydrogenase
enzymes or complexes. Four transcripts encoding members of the ACAD Acyl-CoA
dehydrogenase family, ACADSB, ACADM, ACADVL, ACADL were downregulated.
Transcripts for two acetyl-CoA acyltransferases ACAA1 and ACAA2 were downregulated.
Finally, ECII and ACATI encoding other steps of beta-oxidation were also downregulated.
There was only one beta-oxidation gene that was upregulated in EBVaGC, this being
ACADSY. There was no correlation between level of transcript expression and EBVaGC
patient survival for any of the beta-oxidation genes. Each of the other GC subtypes did not
share differential regulation of ACAD9 or ACAA2 with EBVaGC, while MSI GC also did
not have differential regulation of ECI/ (Figure 4.6B; Supplementary Table 4.1).

4.3.5.Glutaminolysis

In addition to the characteristic increase in aerobic glycolysis that occurs in many cancer
cells, glutaminolysis, which is the conversion of glutamine into glutamate to provide
energy and intermediates for rapid cell growth, occurs in many types of cancer. The first
enzyme involved in this pathway is GLS and it is frequently upregulated in cancer (Akins
et al., 2018). Indeed, GLS?2 transcripts were upregulated in EBVaGC when compared to
non-cancerous tissue (Table 4.9; Figure 4.8). However, GLS2 transcripts were the only

upregulated glutaminolysis-related transcript in EBVaGC. There were two glutaminolysis
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Table 4.9. Glutaminolysis genes that were differentially regulated in EBV+ STAD.

Upregulated p-value! g-value! Downregulated  p-value! g-value!
GLS2 840x105  4.38x10* GPT 125x 104  4.38 x 10+
GOT1 3.07x102  7.16x 102

! In comparison to matched non-cancerous tissue

GLUD1
GPT

GOT1

GOT2

GLS2 GLS

Glutaminolysis

Figure 4.8. Venn diagram of differentially regulated glutaminolysis-related genes in
GC. For each GC subtype, gene expression was compared to non-cancerous tissue. Gene
names in italics were downregulated compared to non-cancerous tissue. Gene names in
bold were upregulated compared to non-cancerous tissue. Gene names in regular font
indicate that the gene was upregulated in one GC subtype, but downregulated in another.
Each gene listed on this diagram met the significance threshold of p = 0.05 and an FDR
cut-off of 0.1.
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related transcripts that were downregulated in EBVaGC. These were transcripts for GPT
and GOTI (Table 4.9; Figure 4.8), both of which are involved in the conversion of
glutamate into alpha-ketoglutarate (Jin et al., 2016). Despite the differential regulation of
these transcripts, there were no significant differences in EBVaGC patient survival
outcomes with varied expression of any genes involved glutaminolysis. As for the other
GC subtypes, CIN GC shared the differential expression pattern of all three genes with
EBVaGC, while MSI GC only shared upregulation of GLS with EBVaGC. In contrast, GS
GC did not share differential regulation of GLS2 with EBVaGC (Figure 4.8;
Supplementary Table 4.1).

Expression of SLC16A42 was significantly lower in HPV+ HNSCC when compared to
either HPV- HNSCC or normal control tissues (Figure 4.4G). HPV+ HNSCC samples were
dichotomized based on median SLC/6A42 expression. Again, low expression of SLC16A42
was associated with improved patient survival in HPV+ HNSCC patients (p = 0.0036, FDR
= 0.047) (Figure 4.4H), but not in patients with HPV- HNSCC (p = 0.26, FDR = 0.48)
(Figure 4.41). However, SLC1642 did not meet the FDR g-value cut-off of 0.1
(Supplementary Table 4.1).

4.3.6.Pentose Phosphate Pathway

The PPP is responsible for the conversion of glucose into ribose, which is the sugar
backbone of nucleotides. As cancer cells have an increased proliferation rate, which is
accompanied by an increased demand for nucleotides, it is not usual for nucleotide
production-related metabolic pathways, such as the PPP, to be upregulated (Jiang et al.,
2014; Patra and Hay, 2014). Interestingly, transcripts encoding two PPP enzymes were
upregulated in EBVaGC (Table 4.10; Figure 4.9). These were transcripts for ribulose-5-
phosphate-3-epimerase (RPE) and ribulose-5-phosphate-3-epimerase like 1 (RPELI). Both
of these enzymes serve the same function in the PPP, which is the reversible conversion of

D-xylulose 5-phosphate to D-ribulose 5-phosphate.

The expression level of RPE was correlated with survival in EBVaGC, as patients with
high levels of this transcript had better survival than patients with low levels of this

transcript (Figure 4.10). However, it should be noted that the significance of this survival
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Table 4.10. Pentose phosphate pathway genes that were differentially regulated in
EBVaGC.

Upregulated  p-value! g-value!
RPE 571x10°  6.28x 108
RPEL1 1.37x103 754 x 103

! In comparison to matched non-cancerous tissue

PGD

TKTL1
TALDO1

TKT

RPEL1 H6PD
RPE TKTL2

PGLS

RPIA

Pentose Phosphate Pathway

Figure 4.9. Venn diagram of differentially regulated pentose phosphate pathway-
related genes in GC. For each GC subtype, gene expression was compared to non-
cancerous tissue. Gene names in italics were downregulated compared to non-cancerous
tissue. Gene names in bold were upregulated compared to non-cancerous tissue. Gene
names in regular font indicate that the gene is upregulated in one GC subtype, but
downregulated in another. Each gene listed on this diagram met the significance threshold

of p=0.05 and an FDR cut-off of 0.1.
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Figure 4.10. Five-year survival outcomes dichotomized by median expression of the
pentose phosphate pathway enzyme-encoding transcript RPE. p = Two-sided log-rank

test. Blue = low transcript expression, Red = high transcript expression.
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curve did not meet the FDR g-value cut-off of 0.1 (Supplementary Table 4.1). Expression
of RPE was also upregulated in both CIN GC and MSI GC, while expression of RPE was
upregulated in CIN GC (Figure 4.9; Supplementary Table 4.1).

4.3.7.Monocarboxylate Transporters

Monocarboxylate transporters (MCTs) are responsible for transporting the products of
glycolysis and other metabolic pathways, such as pyruvate and lactate across the plasma
membrane. Some transporters are capable of transporting multiple different products, while
some are specific to only certain molecules. In EBVaGC, transcript for only one MCT
family member, SLC16A48, which encodes the transporter MCT3, was upregulated when
compared to non-cancerous tissue (Table 4.11). In contrast, transcripts for five MCT family
members were downregulated (Table 4.11). These were SLC16A42, which encodes MCTS;
SLC16A7, which encodes MCT2; SLC16A9, which encodes MCT9; SLC16A11 which
encodes MCT11; and SLC16A414, which encodes MCT14.

The intratumoral expression level of only one SLC/6A4 family member transcript,
SLC16A413, which encodes that transporter MCT13, appeared to be correlated with
EBVaGC patient survival, albeit it did not meet the FDR q-value cut-off of 0.1
(Supplementary Table 4.1). Interestingly, this was not one of the transcripts that showed
differential regulation between EBVaGC and non-cancerous tissue. Patients with EBVaGC
tumours with high levels of this transcript had better survival outcomes than patients with

low levels of this transcript (Figure 4.11).

When comparing expression of these genes across GC subtype, CIN GC shared the same
expression pattern for four of the six differentially regulated genes in EBVaGC, however
SLC16A414 and SLC1642 were not expressed at levels significantly different from non-
cancerous tissue in CIN GC (Figure 4.12; Supplementary Table 4.1). GS GC
downregulated both SLC16411 and SLCI16A8 just as in EBVaGC, but SLC1642 was
upregulated in GS GC, which was opposite to the downregulation of this gene in EBVaGC
(Figure 4.12; Supplementary Table 4.1). Finally, MSI GC showed a similar expression
trend as EBVaGC for four of the above six genes, with the exceptions of SLC16414 and
SLCI164S.
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Table 4.11. Monocarboxylic acid transport genes that were differentially regulated
in EBVaGC.

Upregulated p-value! g-value! Downregulated  p-value! g-value!
SLC16A8 1.98x106  5.15x10% SLC16A11 277x10° 1.20x10%
SLC16A9 246x10-9 1.20x108

SLC16A14 1.15x105 249 x10°

SLC16A2 2.06x107  6.70x107

SLC16A7 1.14x10° 1.20x10%

! In comparison to matched non-cancerous tissue
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Figure 4.11. Five-year survival outcomes dichotomized by median expression of the
monocarboxylate transporter encoding transcript SLC16A13. p = Two-sided log-rank

test. Blue = low transcript expression, Red = high transcript expression.




134

EBVaGC
(6)

SLC16A8 SLC16A2

SLC16A1

SLC16A11

SLC16A9
SLC16A7

SLC16A3

SLC16A12

Monocarboxylic Acid Transport

Figure 4.12. Venn diagram of differentially regulated monocarboxylic acid transport-
related genes in GC. For each GC subtype, gene expression was compared to non-
cancerous tissue. Gene names in italics were downregulated compared to non-cancerous
tissue. Gene names in bold were upregulated compared to non-cancerous tissue. Gene
names in regular font indicate that the gene was upregulated in one GC subtype, but
downregulated in another. Each gene listed on this diagram met the significance threshold

of p=0.05 and an FDR cut-off of 0.1.
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4 4. Discussion

Our analysis of differentially regulated metabolic gene expression in EBVaGC identified
a number of genes with altered expression. While it generally appeared that EBVaGC was
upregulating glycolysis, there were a few steps in the pathway where there appeared to be
a downregulation of glycolysis enzyme-encoding transcripts. This might suggest that
glycolysis is proceeding suboptimally, which is counterintuitive to the Warburg effect.
However, some cancers have been observed to downregulate PFKs (Kim et al., 2017), the
metabolic step of glycolysis which is also the branch point into the PPP. This ensures that
sufficient glycolytic intermediates are funneled into the PPP for the generation of ribose,
the sugar backbone of nucleotides. In addition, the only glycolytic enzyme encoding
transcript that affected patient survival was PFKM. This suggested that low levels of this
PFK isoform were beneficial to the tumour, because low levels of PFKM were associated
with worse survival outcomes. Similarly, in renal cell carcinoma, low expression of PFKM
has been associated with poor survival outcomes (Chen et al., 2020b), which illustrates

how this phenomenon is not unique to EBVaGC.

Interestingly, for another glycolytic enzyme-encoding transcript, ALDOB, the trend in
EBV-negative gastric cancers was opposite to the trend found in our analysis for EBVaGC.
EBV-negative gastric cancer patients had worse outcomes when the tumours had low levels
of ALDOB (He et al., 2016), while we observed that EBVaGC patients had better outcomes
with low levels of ALDOB. It is possible that the metabolic pathways activated by the
presence of EBV oncoproteins differs from those activated in EBV-negative gastric cancer.
The only other potential contradiction to the idea that EBVaGC upregulated glycolysis
when compared to non-cancerous tissue was the downregulation of transcripts encoding
PGAM isoforms. While this is an unusual situation as upregulated PGAM transcripts are
typically associated with upregulated glycolysis, there are some circumstances whereby
PGAM transcripts are downregulated despite an upregulation in glycolysis (Mikawa et al.,
2015). This typically occurs when p21-activated protein kinase (PAK) is involved in
regulating glycolysis (Mikawa et al., 2015). All the other glycolytic-enzyme encoding
transcripts were regulated as would be expected for cancer tissue performing increased

glycolysis.
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As for the TCA cycle, our analysis indicated that EBVaGC exhibit TCA cycle
downregulation that was potentially similar to the downregulation of the TCA cycle
observed in other cancers, such as breast cancer and melanomas (Luo et al., 2017; Tang et
al., 2019). It remains unclear whether the metabolic regulation in EBVaGC is similar to or
differs from EBV-negative gastric cancer. This is because in terms of metabolite
concentrations, gastric carcinomas as a whole appeared to have higher levels of TCA cycle
metabolites within the tumour tissue when compared to non-cancerous tissue (Aa et al.,
2012). Whether this is indeed the case for EBVaGC remains to be explored. However,
based on the overall reduced level of mRNA encoding TCA cycle genes in EBVaGC, it is
quite possible that the concentrations of TCA cycle metabolites within EBVaGC will also

be decreased.

Only one transcript encoding a component of a cellular respiration complex was associated
with survival. This was NDUFA4L2, part of respiration complex I. Despite being a
transcript associated with cellular respiration, this transcript can be found upregulated in a
variety of other cancers, including hepatocellular carcinoma (Lai et al., 2016). This is
because NDUFA4L?2 is tightly regulated by hypoxia-inducible genes and functions to
reduce mitochondrial activity in order to prevent excessive ROS production (Lai et al.,
2016). Therefore, downregulation of this gene may have a detrimental effect on tumour
survival by allowing increased oxygen consumption and ROS levels. While this gene is
not upregulated in EBVaGC when compared to non-cancerous tissue, EBVaGC may still
be reliant on the activities of the NDUFA4L?2 protein. This could account for the improved

survival outcomes in EBVaGC patients with low expression of this gene.

A number of differences were observed in the fatty acid metabolism pathways. It is possible
that expression of certain key fatty acid metabolism-related genes might have specific pro-
cancer or anticancer effects in EBVaGC. For example, ELOVL7 overexpression has been
noted in prostate cancer cells and appears to be a key element for its survival (Tamura et
al., 2009). Perhaps, the upregulated ELOVL7 transcripts in EBVaGC suggests a similar
reliance on ELOVLY7. In another parallel, ELOVLS has been reported be downregulated in
colorectal cancer (Boot et al., 2017), as it is in EBVaGC. Perhaps the most prominent

upregulated transcript in the fatty acid metabolism pathway that EBVaGC shares with a
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wide variety of cancers is ACLY (Zaidi et al., 2012). ACLY has been the focus of intense
anticancer therapeutic scrutiny (Granchi, 2018). This is because ACLY encodes an enzyme
that is responsible for linking glycolysis to the first step of de novo fatty acid synthesis, a
process that is upregulated in many cancers due to their increased macromolecular
demands from rapid proliferation (Granchi, 2018). Likewise, FASN is another fatty acid
metabolism gene that is upregulated in a wide range of cancers (Menendez and Lupu,
2007), and this trend continues with EBVaGC. FASN is important to a wide variety of
tumours because it encodes the terminal enzyme of fatty acid biosynthesis and is capable
of linking energy production with anabolic and other oncogenic pathways (Menendez and
Lupu, 2007). SCD has a crucial role in the production of phospholipids for cell membranes
in cancer cells (Igal, 2010), and several cancers, including EBVaGC, as shown in this

study, upregulate expression of this gene (Igal, 2010; Roongta et al., 2011).

Interestingly, the downregulation of ME] mRNA expression in EBVaGC, which encodes
an enzyme that generates NADPH used in fatty acid and cholesterol biosynthesis,
illustrates how this is a distinct gastric cancer subtype from other gastric cancer subtypes.
A previous study using a pooled sample of gastric cancers found that ME[ expression was
upregulated and contributed to cancer proliferation (Lu et al., 2018). MEI was also
correlated with poor patient survival outcomes (Lu et al., 2018). The contribution of ME/
to cancer cell proliferation was further shown in an EBV-negative gastric cancer cell line
(Shi et al., 2019). Similarly, expression of ACSS?2 is consistently high in a wide variety of
cancers, while the expression of ACSS/ can vary, but is typically lower (Yoshii et al.,
2015). In this way, expression of these two genes in EBVaGC contrasts with what is known
about the expression of these genes in other cancers since transcript levels for both ACSS/

and ACSS2 were low.

Within EBVaGCs, high expression of two genes, ACLY and SCD, were correlated with
EBVaGC patient survival. Interestingly, as a whole, EBVaGCs had higher expression of
these two genes compared to non-cancerous tissue. That a further increase in the expression
of these genes within EBVaGC would be associated with patient survival is somewhat
paradoxical. In a study correlating patient survival with the level of ACLY in EBV-negative

GC, low levels were associated with survival (Qian et al., 2015). This once again illustrates
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how EBVaGC is a metabolically distinct gastric cancer from EBV-negative gastric cancer.
It is possible that the upregulation of ACLY and SCD could be a result of EBV infection
(Wang et al.,, 2019b) rather than an unrelated pro-oncogenic pathway. Perhaps the
upregulation of these transcripts serves a different function in EBVaGC when compared to
EBV-negative GC and does not contribute to oncogenesis. In the future, it would be
interesting to try to correlate the amount of viral EBV transcripts with the amount of ACLY
and SCD transcripts, as perhaps they could act as a surrogate for a higher viral load and
therefore a less severe course of STAD (Constanza Camargo et al., 2014). It is also
interesting to note that a recent study measuring metabolite concentrations in EBVaGC cell

lines identified many fluctuations in fatty acid metabolism (Yoon et al., 2019).

The trend in expression for transcripts encoding beta-oxidation enzymes was similar to that
observed in a variety of other cancers. For example, expression of both ACADM and
ACADL was lowered in hepatocellular carcinoma (HCC) cell lines and tumour models
(Huang et al., 2014). This reduced cancer proliferation (Huang et al., 2014). The
downregulation of ACADM and ACADL was mediated by hypoxia-related genes (Huang
et al,, 2014). It would be interesting to determine whether a similar mechanism is
responsible for the downregulation of these transcripts in EBVaGC. HADH was another
gene noted to be downregulated in multiple studies involving gastric cancers that were not
stratified by EBV status (Enjoji et al., 2016; Shen et al., 2017). This implies that
downregulation of this transcript in our analysis was unrelated to the EBV status of the
cancer, but may rather be a general feature of gastric cancers. Both H4DHA and HADHB
were downregulated in breast cancers and HCCs (Mamtani and Kulkarni, 2012; Tanaka et
al., 2013), which suggests that perhaps downregulation of these genes is a common feature
of cancer-related metabolic reprogramming. Other beta-oxidation enzyme encoding
transcripts that were downregulated in different cancer types in addition to EBVaGC were
ACAAL, ACAA2 and ACATI. ACAAI has been found to be downregulated in colorectal
cancer (Zhang et al., 2017b), while ACAA2 was downregulated in a HeLa cervical cancer
cells (Fang et al., 2020). ACAT1 was found to be downregulated in both clear cell renal cell
carcinoma (Chen et al., 2019; Zhao et al., 2015b) and colon cancer (Li et al., 2012).
Presumably, downregulation serves to prevent beta-oxidation from occurring in cancer

cells, which perhaps represents a significant, but underappreciated cancer metabolic
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hallmark (Swinnen et al., 2006). That ACAD9 was significantly upregulated in EBVaGC
compared to non-cancerous tissue in our analysis may not necessarily have any functional
ramifications, since there were a plethora of other downregulated beta-oxidation genes. It
is also unusual for ACADY to be upregulated in isolation. When 4CADY was upregulated
in a study of breast cancer cell lines, the expression of other beta-oxidation genes were

concurrently upregulated (Lamb et al., 2014).

In the PPP, EBVaGC displayed upregulation of two paralogous transcripts, RPE and
RPEL]1, the products of which perform a similar function, the conversion of D-xylulose 5-
phosphate to D-ribulose 5-phosphate. This suggests that EBVaGC tumours would be
especially vulnerable to downregulation of this transcript. However, and paradoxically,
patients with tumours expressing high amounts of RPE transcript had better survival than
patients with low levels of RPE. Other tumours that express high levels of RPE are
pancreatic, breast, central nervous system, liver, lung, hematopoietic, pancreatic and
prostate tumours (Rmaileh et al., 2020). In prostate tumours, inhibition of RPE suppressed
tumour growth (Ying et al., 2012). Additionally, high transcript levels of RPE correlated
with poor patient outcomes in liver and breast cancers (Rmaileh et al., 2020). Why
EBVaGC showed the opposite survival trend, in which high numbers of RPE transcript

were correlated with better outcomes, is unclear.

In terms of the MCT family of transporters in EBVaGC, there were some similarities with
other cancers. The product of SLC1648, MCT3, was frequently upregulated in hypoxic
MCF7 breast cancer cells (Bando et al., 2003). It is possible that EBVaGCs are similarly
hypoxic, thus causing the upregulation of this transcript. SLC16414, which encodes
MCT14, was downregulated in epithelial ovarian cancer when compared to non-cancerous
tissue (Elsnerova et al., 2016, 2017), similar to EBVaGC. Expression of SLC1642 was
downregulated in HPV+ HNSCC according to one of our previous analyses (Prusinkiewicz
et al., 2020). This is notable because like EBVaGC, HPV+ HNSCCs are virally induced.
Perhaps thyroid hormone transport is co-opted by DNA tumour viruses during
oncogenesis. In another similarity between EBVaGC and other cancers, SLC1647 was
downregulated in hepatocellular carcinoma (Alves et al., 2014). Little is known about the

clinical relevance of MCT9 or MCT11 (Jones and Morris, 2016), encoded by the SLC1649
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and SLC16A411, respectively. The downregulation of SLC1649 and SLC16A411 in EBVaGC
may suggest unique roles for these transporters. Finally, high expression of SLC16A413

could represent a novel prognostic indicator for patient survival in EBVaGC.

Understanding how the regulation of metabolism-related genes differs in EBVaGC from
other GC subtypes is useful when considering these genes as prognostic indicators or
druggable targets. Genes that are uniquely regulated in EBVaGC, but not other GCs, are
especially attractive as specific targets for EBVaGC. Our analysis examining the
differences in the expression of genes that are differentially regulated in EBVaGC when
compared to other GCs indicated that no metabolic pathway is regulated in a completely
identical manner to EBVaGC. Indeed, there were a number of metabolic genes that were
uniquely regulated in EBVaGC and these could serve as a starting point for identification
of effective and specific therapeutic compounds. These genes were LDHB, COX20, ACSS1,
ELOVLS5, ACAD9, ACAA2 and SLC16A414. In addition, determining how differences in
metabolic gene expression leads to different functional metabolic phenotypes across GCs
is an interesting and open question. However, due to the relative paucity of EBVaGC cell
lines, answering this question may first require the development of additional EBVaGC
cell lines. That none of the significant survival curves comparing the effect of high or low
expression of certain genes in EBVaGC met the FDR g-value cut-off suggests that the
survival data should be validated in another independent cohort to confirm survival-

associated differences.

4.5. Conclusions

EBVaGC represents a unique subtype of gastric cancer, which was illustrated in this
analysis by the distinct expression of metabolism-related transcripts in EBVaGC.
Expression of LDHB, COX20, ACSS1, ACAD9Y, ACAA2, and SLC16A414 were uniquely
regulated in EBVaGC. Additionally, the expression of certain transcripts could serve as
potential prognostic indicators for survival outcomes, albeit after validation in another
independent cohort. Low expression of the glycolytic enzyme-encoding transcript ALDOB
was associated with improved survival outcomes in EBVaGC, while the literature indicated

that low ALDOB expression was associated with worse survival outcomes in EBV-negative



141

gastric cancer (He et al., 2016). In yet another contrast, high expression of the fatty acid
synthesis related transcript ACLY was associated with better survival outcomes in
EBVaGC, while in the literature high ACLY expression was associated with worse survival
outcomes for EBV-negative GC (Qian et al., 2015). It is possible these opposing patterns
in EBVaGC could represent metabolic pathways that are altered as a result of EBV-related
mechanisms. There were select commonalities in the regulation of genes in EBVaGC and
other GC subtypes in most metabolic pathways including glycolysis (Figure 4.1), the TCA
cycle (Figure 4.3), cellular respiration (Figure 4.4), fatty acid metabolism (Figure 4.6) and
the MCT transporter encoding SLC16A11. These similarities could represent more general
features of gastric cancer. Overall, EBVaGC appeared to exhibit a gene expression pattern
that was indicative of an upregulation of glycolysis accompanied by a downregulation in
the TCA cycle and oxidative phosphorylation. The pattern of the SLC/64 transcripts were
also consistent with increased glycolytic activity in EBVaGC. Finally, EBVaGC may
exhibit a downregulation of beta-oxidation related metabolic pathways, a potentially
unique metabolic feature of some cancers that remains underexplored and

underappreciated.
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Chapter 5
5 Discussion

5.1 Thesis Summary

This thesis investigated different aspects of the biology of metabolic reprogramming by
DNA tumour viruses. The first sections of this thesis revolved around HAdV, which is a
DNA tumour virus. HAdV serves a model for other DNA tumour viruses, such as HPV
and EBV, even though HAdV has not been shown to cause cancer in humans. The reason
HAGJV is such an excellent model is because many important and conserved cancer-related
pathways in both virally-induced and non-viral cancers were first discovered in HAdV due
to its experimental tractability. In the introduction of my thesis, I discussed what was
known about E4orf1, the first HAdV protein recognized to modulate cellular metabolism
(Thai et al., 2014, 2015) and how, based on the literature, it was possible that E1A, another
HAAJV protein, could also be responsible for inducing changes in metabolism during HAdV

infection.

This led to the chapter of this thesis in which I experimentally identified possible roles of
E1A in changing functional metabolism and metabolism-related gene expression.
Specifically, it appears that the 13S encoded isoform of E1A is responsible for the
upregulation of transcripts related to glycolysis in addition to increasing the functional
glycolytic rate. The 13S encoded isoform of E1A is also responsible for downregulating
both cellular respiration related gene expression and the maximal cellular respiration rate.
Interestingly, the 12S encoded isoform did not appear to alter functional metabolism in a
manner that differed greatly from cells containing an empty vector. In the context of HAdV
infection, IMR-90 cells infected with HAdV that contained the 13S encoded isoform of
E1A, but not the 12S encoded isoform were capable of upregulating genes involved in
glycolysis and the tricarboxylic acid cycle, while IMR-90 cells infected with HAdV that
contained the 12S encoded isoform of E1A, but not the 13S encoded isoform, upregulated
glycolytic genes to a lesser extent. This infection data supports the data obtained using E1A

expression from a non-viral vector, in that the 13S encoded isoform of E1A appears to be
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the predominant E1A isoform responsible for contributing to altered metabolism during

infection.

However, as HAdV does not cause any human cancers, it was important to determine
whether the presence of viral oncoproteins from other DNA tumour viruses lead to any
appreciable metabolism-related gene expression differences in cancers of a viral etiology
when compared to the corresponding non-virally induced cancer. To explore this question,
RNAseq and patient survival data from the TCGA was analyzed for head and neck cancers
and gastric cancers, a percentage of which can be induced by HPV or EBV, respectively.
In the chapter comparing HPV+ HNSCCs to HPV- HNSCCs, HPV+ HNSCCs appeared
to have lower expression of glycolysis related genes and higher expression of genes
involved in the tricarboxylic acid cycle, cellular respiration, and beta-oxidation, a pathway
that can potentially feed into the TCA cycle. This study also identified seven metabolism
related genes that were associated with HPV+ HNSCC patient survival outcomes
depending on the level of expression of each of these genes within the tumour. These genes
were SDHC, COX7A41, COX16, COX17, ELOVL6, GOT2, and SLC16A2. The significance
of identifying these genes is that they may potentially serve as prognostic indicators or,

with further research, druggable therapeutic targets.

As for EBV-associated gastric carcinomas (EBVaGCs), there was more complexity in how
these virally induced tumours compared to EBV-negative gastric carcinomas. This is
because EBV-negative gastric carcinomas can be further subdivided based on their
genomic features. For this reason, our analysis explored the overlap between the genes
differentially regulated by EBVaGC and the other gastric cancer subtypes. While the
expression of metabolism-related genes was never completely identical across the gastric
cancer subtypes, the expression of many genes within these metabolic pathways was
similar. To explicitly differentiate EBVaGC based on metabolic phenotype, it was
important to identify the genes that were uniquely expressed when compared to other
gastric cancer subtypes. The uniquely regulated genes in EBVaGC were LDHB, COX20,
ACSS1, ELOVLS5, ACAD9, ACAA2, and SLC16A414. These genes could represent novel
weak points in EBVaGC that could be targeted therapeutically. In addition to these genes,

there were a number of metabolic genes associated with EBVaGC patient survival
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outcomes. Interestingly, these genes differed from those that were uniquely expressed in
EBVaGC. The metabolism-related genes associated with survival in EBVaGC were
PFKM, ALDOB, NDUFA4L2, ACLY, SCD, and SLCI16A13. As with the survival-
associated genes in HPV+ HNSCC, this set of survival-associated genes could serve as
novel prognostic indicators or biomarkers, and potentially represent novel therapeutic

targets.

In short, the purpose of this thesis was to illustrate that not only do viral oncoproteins
contribute to metabolic reprogramming in the host-cell, but that this metabolic
reprogramming is an aspect of the viral etiologies of these cancers. These etiologies are
driven by the functions of these oncoproteins to generate a metabolic phenotype that is
unique to that cancer subtype and can therefore be used to differentiate the cancer subtype
from other subtypes. The remaining section of this chapter will: 1) discuss how viral
oncogenes could specifically reprogram metabolism in light of the results presented in this
thesis, 2) highlight how metabolic biomarkers are an important consideration in cancer, 3)
discuss limitations of this work based on the approaches used, and 4) consider future work

that could be performed based on the results of this thesis.

5.2 Viral Oncogenes and Metabolism

Virally encoded oncogenes are an essential component of modulating how DNA tumour
viruses reprogram cellular metabolism. Despite the variety of sizes and functionalities
between the different oncoproteins encoded by different viruses, there are a few common
targets that could be attractive candidates for future work that attempts to explore methods

of targeting virally induced metabolic reprogramming for therapy.

These common targets include MYC, which is a transcriptional regulator known to activate
the transcription of genes involved in glycolysis, glutaminolysis, nucleotide synthesis and
fatty acid synthesis (Wolf et al., 2015) (Figure 5.1). As MYC is a transcription factor, this
typically occurs through MYC-induced transcriptional upregulation of metabolic genes.
This includes LDHA, which converts pyruvate to lactate (Shim et al., 1997). Another MY C-
upregulated metabolic gene is GLUT/, a major glucose transporter (Osthus et al., 2000)
The glutamine transporter SLC1A45 is also upregulated by MYC (Zhao et al., 2019). As a
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result of increased MY C-induced glycolysis, the PPP is also upregulated (Morrish et al.,
2009), and MYC is directly responsible for inducing the transcription of the PPP enzyme
PRPS2 (Mannava et al., 2008). Many other nucleotide synthesis genes are also upregulated
by MYC (Liu et al., 2008). In addition, a multitude of genes involved in fatty acid synthesis
are upregulated by MYC including ACLY, ACACA, FASN and SCD (Edmunds et al., 2014;
Morrish et al., 2010). Finally, the mitochondrial processes of fusion and fission are also
reported to be under some level of control by MYC (Graves et al., 2012). Given that MYC
impinges on so many metabolic pathways, understanding which DNA tumour viruses are
capable of altering MYC activity could be important for understanding the mechanisms

behind DNA tumour virus metabolic reprogramming.

Another protein commonly affected by viral oncoproteins is the tumour suppressor p53
(Figure 5.2). Many viral oncoproteins inhibit the activity of p53, which in turn can increase
the glycolytic activity of the infected cell (Ou et al., 2011). This is because activated wild
type p53 can increase the activity of SCO2, which is involved in the assembly and
regulation of the COX proteins that make up the mitochondrial cellular respiration complex
IV (Matoba et al., 2006). Therefore, by inhibiting p53, the viral oncoproteins serve to
inhibit mitochondrial function, which can subsequently trigger the upregulation of
glycolytic pathways. p53 expression can also decrease levels of the glucose transporters
Glutl, and Glut4 (Schwartzenberg-Bar-Yoseph et al., 2004), as well as the glucose
metabolism enzyme PGM (Kondoh et al., 2005). p53 expression also increases TP53
Induced Glycolysis Regulatory Phosphatase (TIGAR) expression, which can function to
inhibit glycolysis (Bensaad et al., 2006).

DNA tumour viruses also commonly target the activity of pRb, which is responsible for
inhibiting the E2F family of transcription factors (Figure 5.3). In addition to regulating cell
growth and proliferation through the cell cycle, E2F regulates the expression of a multitude
of metabolic enzymes that are involved in glycolysis, the TCA cycle, cellular respiration
and nucleotide synthesis (Nicolay and Dyson, 2013). For example, E2F is responsible for
regulating the expression of the glycolytic enzyme PFKFB (Darville et al., 1995; De Mattos
et al., 2002). E2F can also increase the expression of PDK4, which inhibits the entry of
pyruvate into the TCA cycle, further promoting glycolysis (Hsieh et al., 2008). Another
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way in which E2F expression leads to a metabolic phenotype that is more akin to cancer
cells is by activating glutaminolysis (Nicolay et al., 2013; Reynolds et al., 2014). E2F1 also
plays a prominent role in inducing the expression of nucleotide synthesis genes (DeGregori
et al., 1995). As certain oncoproteins are capable of binding pRb, thus activating E2F, the
ability of E2F to influence cellular metabolism is a relevant area of future research to aid
in understanding how the metabolic pathways that were outlined in the research chapters
of this thesis are potentially altered by DNA tumour viruses during infection or in virus-

dependent cancers.

5.2.1 Viral Oncoprotein Regulation of MYC

The most widely recognized oncoproteins in HAdV that can regulate MYC are E1A (Berk,
1986) and E1B (Barker and Berk, 1987) (Figure 5.1). E4orfl (Javier, 1994) and E4orf6
(Nevels et al., 2000) are two other HAdV proteins that have a role in MYC regulation
(Figure 5.1). Recent advances in proteomics have identified that HAdV consistently
upregulates MYC throughout infection (Valdés et al., 2018). In a series of elegant
experiments, E4orfl was identified to be a significant HAdV protein responsible for
upregulating MY C expression during infection and contributing to the associated increases
in glycolysis and glutaminolysis (Thai et al., 2014, 2015). The HAdV oncoprotein E1A is
reported to influence MYC activity through the TRRAP protein (Zhao et al., 2017), which
could account for the findings in chapter three of this thesis, which illustrate that glycolysis
can be regulated by E1A. E1A can also stabilize MYC itself (L6hr et al., 2003). The HAdV
protein E4orf6 can influence an upregulation of MYC activity in two ways. One way is via
stabilization of the amount of MYC transcript, presumably leading to greater production of
MYC (Higashino et al., 2005). A second mechanism by which E4or6 can influence MYC
activity is through further stabilization of the interaction of E1A with MYC (Thai et al.,
2014). In addition, E4orf4, which is not defined as an oncoprotein, inhibits MYC during
infection (Ben-Israel et al., 2008), but this study was flawed as it was conducted in HEK293
cells, which already express E1A and E1B (Graham et al., 1977). In contradiction to this
idea, E4orf4 has also been found to cause an increase in MYC protein levels (Arnold and
Sears, 2006). Both E4orf6 and E1B-55K have also been reported downregulate MYC

expression (Lohr et al., 2003), also a contradictory function for E4orf6.
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Numerous reports outline the interactions and regulation of MYC by the HPV E6 and E7
oncoproteins (Figure 5.1). Both E6 and E7, albeit less efficiently, have been reported to
upregulate MYC (Peta et al., 2018). However, more evidence exists for the association of
E6 with MYC than E7 (Zhang et al.,, 2017c). Although some of that evidence is
contradictory. For example, one study found that MY C merely associated with E6, but was
not upregulated by the HPV oncoprotein (Veldman et al., 2003). Another study found that
E6 may rely on another transcription factor, Sp1, to mediate the changes in transcription
that occur as a result of the E6/MYC interaction (Oh et al., 2001). Somewhat confusingly,
it was reported that E6 can also stimulate the degradation of MYC (Gross-Mesilaty et al.,
1998). Despite all these reports, perhaps the most convincing evidence that E6 stimulates
MYC activity was the ability of MYC overexpression to immortalize cells in conjunction
with E7 in a manner similar, but not identical to E6 and E7 induced immortalization (Liu
et al., 2007). As for the E7 oncoprotein, it is possible that HPV18 E7 can interact with
MYC to promote MY C-regulated transcription (Wang et al., 2007). It is also possible that
E7 can promote MYC activity indirectly, as a study utilizing HPV16 E7 found that E7
could inhibit a negative regulator of MYC activity, the protein MIZ1 (Morandell et al.,
2012). The result of this was increased MYC function. Perhaps somewhat contradictorily,
two studies of HPV+ HNSCC tissue samples did not identify an association between HPV+
HNSCC and increased MYC expression (Bhattacharya et al., 2005, 2009). However,
another study of patient tissues found that HPV integration within the tonsillar crypt was

associated with MY C amplification and overexpression (Kim et al., 2007b).

In B cell lymphomas, EBV appears to drive MY C expression in a variety of ways. Perhaps
the most common EBV-induced change to MYC expression is in the form of a common
MYC-translocation event in EBV-positive Burkitt’s lymphoma (Dalla-Favera et al., 1982).
In this translocation event, MYC is translocated to the immunoglobulin heavy locus gene,
IGH, where it comes under control of the highly active /GH regulatory region (Allday,
2009). This leads to constitutive expression of MY C in Burkitt’s lymphoma (Allday, 2009;
Fitzsimmons and Kelly, 2017). However, the expression of multiple EBV viral proteins
have been associated with MYC expression in the B cell cancers. EBNA2 was noted
activate MYC transcription in primary B lymphocytes (Kaiser et al., 1999). EBNA2 can

also upregulate protein expression of MYC (Zhao et al., 2011). There is evidence that
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EBNAZ2 can increase interactions between enhancers and promoters upstream of MYC
through the chromatin regulator SMARCA4 (Wood et al., 2016). EBNA2 can bind at
regions termed EBV-super enhancers in which a complex of EBV latent proteins can
increase the expression of host-cell genes, such as MYC (Zhou et al., 2015). EBNA2 may
also increase expression of non-coding enhancer RNAs (eRNAs) that regulate MYC
transcription (Liang et al., 2016). EBNA2-driven MYC expression can also upregulate
mitochondrial one-carbon metabolism, specifically the de novo synthesis of serine, which
contributes to nucleotide synthesis, mitochondrial NADPH production, and production of
the antioxidant glutathione (Wang et al., 2019a). Other metabolic pathways upregulated by
EBNAZ2-driven expression of MYC in B cells include cholesterol and lipid biosynthesis
(Magon and Parish, 2021; Wang et al., 2019b). Two other EBNA proteins, EBNA3A and
EBNA3C, also contribute to MY C expression. Both EBNA3A and EBNA3C contribute to
the EBV-super enhancer structure that ensures the presence of transcription factors at the
MYC transcription start site by enhancer-promoter looping (Jiang et al., 2017).
Additionally, EBNA3C stabilizes the interaction between MYC and MYC-target
promoters, essentially increasing MYC activity (Bajaj et al., 2008). To further augment
MYC expression, EBNA3A and EBNA3C cooperate to epigenetically repress BCL2L11
expression, which encodes a negative regulator of MYC. BCL2L11 expression can be
induced by MYC in the absence of EBNA3A and EBNA3C in a negative feedback
mechanism (Anderton et al., 2008; Paschos et al., 2009; Styles et al., 2018)

The EBV latent membrane proteins (LMPs) also play a role in increasing MY C expression
in EBV-driven cancers. In B cells, LMP1 can increase MYC transcription and resulting
MYC protein expression via the JAK/STAT pathway (Dirmeier et al., 2005). STAT3 in
particular is upregulated in EBV-positive nasopharyngeal carcinoma cell lines (Chen et al.,
2003; Kwok Fung Lo et al., 2006). Also in EBV-induced nasopharyngeal carcinoma,
LMPI facilitates increased interactions between MY C and the MY C-target genes HK2 and
IDH?2, which encodes an enzymes in glycolysis and the tricarboxylic acid cycle,
respectively (Cao et al., 2021; Shi et al., 2020; Xiao et al., 2014). This MYC stabilization
occurs through a LMP1 signalling pathway that involves PI3K/AKT/GSK3f and FBXW7
signalling (Cao et al., 2021; Xiao et al., 2014). The importance of this LMP1-mediated
MYC activation pathway is emphasized by a study in which the histone deacetylase
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inhibitor romidepsin was found to be cytotoxic to an EBV-positive diffuse large B-cell
lymphoma in both cell culture and a mouse xenograft model by reducing expression of
both LMP1 and MYC (Shin et al., 2015). In addition to causing increased MY C expression
and activity, LMP1 also downregulates the a-isoform of the MYC repressor PRDM1,
which further accentuates LMP1-driven MYC activation (Vrzalikova et al., 2011). In a
similar manner, LMP2A can facilitate MY C activity by enhancing degradation of the MYC
inhibitor and tumour suppressor, CDKNI1B (Fish et al., 2017). LMP2A can also increase
translation of MYC, but not transcription of MYC, through the PI3K/AKT/mTOR
signalling pathway (Moody et al., 2005). Finally, the EBV pro-survival BCL-2 homologue,
BHRF]1, has a synergistic effect with MYC to enhance MY C-activity in a mouse model of
Burkitt’s lymphoma (Fitzsimmons et al., 2020). EBV appears to tightly regulate MYC in
infected B cells to modulate lytic reactivation that would otherwise occur with the absence

of MYC (Guo et al., 2020).

Interestingly, the regulation of MYC by EBV oncoproteins appears to be relatively minimal
(Figure 5.1). At most, MYC may be upregulated in EBVaGC during its early stages (Ishii
et al., 2001). However at later times during the progression of EBVaGC, MYC was either
downregulated (Ishii et al., 2001; Lima et al., 2008b) or MYC expression did not correlate
with EBV expression at all (Lima et al., 2008a; Luo et al., 2006; Zhu et al., 2013). These
findings suggest that MYC may not have a role in EBV induced metabolic alterations
associated with EBVaGC.

5.2.2 Viral Oncoprotein Regulation of p53

p53 impinges on a variety of metabolic pathways, and its inhibition appears to be involved
in the upregulation of glycolysis. It is possible that the action of certain viral oncoproteins
on p53 may be responsible for the metabolic changes in virally induced cancers or DNA
tumour virus infected cells discussed in this thesis. While there are some similarities
between the mechanisms by which p53 is inhibited in HAdV, HPV or EBV (Figure 5.2),
due to the differences in number and structure of viral oncoproteins between these viruses,

there are also many distinct features.
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Figure 5.1. Regulation of MYC by DNA tumour virus oncoproteins. Both HAdV and
HPV are capable of regulating MYC activity or expression. The HAdV oncoprotein E1A
is reported to be a positive regulator of MY C activity while E1B-55k is a negative regulator
of MYC. The HAdV protein E4orf1 is a well-established MY C regulator. Both E4orf4 and
E4orf6 are reported to have both activating and inhibitory effects on MYC. The E6 and E7
HPYV oncoproteins have been reported to positively regulate MYC, while E6 has also been
reported to inhibit MYC. EBV oncoproteins do not appear to directly influence MYC in
gastric cancers, but there are a number of EBV latent proteins that can positively regulate
MYC in B cell infections. MYC is a key regulator, primarily as a transcription factor, for

many metabolic genes and pathways.
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The HAdV oncoprotein E1B is most directly responsible for binding to and inhibiting the
transcriptional activation activity of p5S3 (Sarnow et al., 1982; Yew and Berk, 1992). The
ability of E1A to interact with and affect p53 is more nuanced. It appears that E1A induces
apoptosis through p53 and even triggers p53 accumulation (Lowe and Earl Ruley, 1993;
Querido et al., 1997; Teodoro et al., 1995). However, E1A has also been reported to inhibit
the transcriptional activation of target genes by p53 and repress its activity (Steegenga et
al., 1996, 1999). Additionally, E1A and either mutant p53 or an absence of p53 entirely
have been reported to transform cells (Horikoshi et al., 1995; Lowe et al., 1994), which
would presumably lead to the induction of cancer-related metabolic pathways. Two of the
E4 HAdV proteins have also been reported to contribute to p53 inhibition. E4orf6 directly
inhibits the transcriptional activity of p5S3 (Nevels et al., 1999b), while E4orf3 can induce
inhibitory H3K9 methylation of the promoters to which p53 would bind (Soria et al., 2010).

The HPV E6 oncoproteins, especially those of the most oncogenic types, HPV16 and
HPV 18, are responsible for modulating p53 activity by binding to and inducing degradation
of p53 (Lechner et al., 1992; Scheffner et al., 1990; Werness et al., 1990). In contrast, the
HPV E7 oncoprotein was reported to stabilize p53, which promoted apoptosis of infected
cells (Jones et al., 1997). E6 can contribute to the bypassing of this apoptotic induction by
E7, which bears some resemblance to the opposing activities of HAdV E1A and E1B.
However, it has been reported that E7 may inhibit p53 transcriptional activity (Massimi
and Banks, 1997). This implies that E7 could influence the changes in cellular metabolism

that occur as a result of p53 inhibition.

EBV can influence the function of p53 through a variety of viral oncoproteins. These
include the EBV latency protein EBNA3C, which has been noted to inhibit p53 DNA
binding activity (Shukla et al., 2016; Yi et al., 2009). LMP1 is another EBV latency protein
and oncoprotein that can inhibit the activity of p53 (Fries et al., 1996; Liu et al., 2005; Shao
et al., 2004; Zeng et al., 2020). Interestingly, p53 also induces LMP1 expression, which is
an example of a feedback loop in which the virus is directly responding to the activity of
tumour suppressor pathways (Wang et al., 2017). Finally, the immediate early lytic protein
BZLF1 can inhibit p53 transactivation of its targets (Zhang et al., 1994). It would be
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Figure 5.2. Regulation of p53 by DNA tumour virus oncoproteins. Each of HAdV, HPV
and EBV have been reported to influence the activity of p53. E1A is the only HAdV
oncoprotein reported to both activate or inhibit p53 depending on the infection context.
Typically, the HAdV oncoprotein E1B counteracts E1A-mediated activation of p53. The
HAAYV viral proteins E4orf3 and E4orf6 have also been reported to inhibit p53 activity. The
HPV oncoprotein E7 has also been reported to have both activating or inhibitory functions
on p53,while the E6 oncoprotein has only been reported to inhibit p53. The EBV proteins
EBNA3C, LMPI, and BZLF1 have also been reported to inhibit p53 activity. p53 can
modulate metabolism by activating mitochondrial respiration through SCO2, while
inhibiting glycolysis through the TIGAR protein or by negatively influencing the

transcription of a subset of glycolytic genes.
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interesting to explore whether there is a direct link between the expression of each of these
oncoproteins within gastric cancer cell lines, the resulting expression of p53, and glycolytic

upregulation or other associated metabolic changes.

5.2.3 Viral Oncoprotein Regulation of pRb/E2F

The only HAdV oncoprotein that appears to interact with pRb is E1A (Moran, 1993)
(Figure 5.3). EIA can bind pRbD directly to release E2F inhibition (Valdés et al., 2018),
which allows for transcription of a variety of genes including metabolism-related genes.
However, if E1A is bound to pRb and p300, this can have an inhibitory effect on the
transcription of other metabolism related genes that are not transcribed by E2F due to the
ability of this complex to lead to hypoacetylated and condensed chromatin (Ferrari et al.,
2014). The p300 linked to E1A may acetylate pRb in the complex which prevents
inhibitory pRb phosphorylation (Ferrari et al., 2014).

The E7 oncoprotein of HPV is primarily responsible for influencing pRb (Figure 5.3),
especially at early stages of infection (Balsitis et al., 2005, 2003; Chellappan et al., 1992).
Primarily, E7 induces the degradation of pRb (Gonzalez et al., 2001), but it is also capable
of simply displacing pRb from E2F family members to induce DNA synthesis (Collins et
al., 2005). Influencing pRb activity does not appear to be a major role for any of the other
HPV encoded proteins, including the E6 HPV oncoprotein.

A variety of EBV-encoded viral proteins are capable of inducing E2F expression. One
example is the immediate-early EBV protein BRLF1 (Swenson et al., 1999; Zacny et al.,
1998). Some of the EBV-encoded EBNA proteins are also capable of binding pRb which
results in E2F activity. Both EBNA3C (Parker et al., 2000) and EBNAS (Szekely et al.,
1993) can bind pRb to induce E2F dependent gene expression (Figure 5.3).

5.3 The Importance of Biomarkers in Metabolism

A large portion of this thesis was dedicated to identifying metabolism-related gene
expression patterns in DNA tumour virus induced cancers. Genes with altered expression
could potentially serve as metabolic biomarkers associated with patient outcomes, or help

to differentiate virally induced cancers from their non-virally induced counterparts.
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Figure 5.3. Regulation of pRb/E2F by DNA tumour virus oncoproteins. pRb is the
inhibitory regulator associated with E2F to modulate its transcription factor activity. Each
of HAdV, HPV and EBV are capable of inhibiting pRb, typically through a physical
interaction, which releases E2F. The HAdV protein E1A can bind to pRb, which releases
pRb inhibition of E2F. HPV E7 performs a similar role to remove pRb from E2F, thus
permitting the transcriptional activity of E2F. EBV has three proteins which can inhibit
pRb. These are EBNA3C, EBNAS, and BRLF1. E2F can transcribe genes that encode

enzymes in a number of metabolic pathways.
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However, as metabolism is a function and product-based process, with clearly discernable
features, such as the metabolites themselves, a valid question is whether inferring
metabolic function from gene expression is a valid approach. Existing literature appears to
suggests that there is a high degree of concordance between gene expression and the
resulting cellular metabolic function (Jerby and Ruppin, 2012). This is an important
observation, as in a clinical setting it may be more logistically feasible to rapidly measure
metabolite outputs, for example from urine or blood samples, than to sequence a tumour
biopsy. Exploring whether the metabolites produced by virally induced tumours
correspond to the altered expression of metabolic genes would be an interesting topic of
future research. Another reason why the identification of metabolism-related biomarkers
is important is that these differentially regulated genes may potentially serve as weak points
in synthetic lethality (reviewed in (Mast et al., 2020)). The idea is that inhibiting one aspect
of a metabolic process therapeutically may synergize with the altered metabolic profile of
a tumour resulting from differential expression of a certain gene, which then makes that
tumour especially susceptible to killing by the therapeutic compound. This would be
especially useful if the therapeutic compound was administered at a dose that was non-

lethal to the surrounding non-cancerous tissue.

The knowledge of which metabolic genes are affected by certain DNA tumour viruses
could be combined with knowledge about which cellular transcription factors are utilized
by the virus to enact these metabolic changes. For example, targeting certain glycolytic
enzymes upregulated by MYC represented vulnerabilities that were not present in cells
with non-dysregulated levels of MYC. (Cermelli et al., 2014; Toyoshima et al., 2012).
Understanding which cellular regulatory protein is employed by a virus to induce metabolic
changes could lead to a potentially targetable combination. Alternatively, targeting the viral
oncoprotein and the cellular regulatory protein, or targeting the viral oncoprotein and an
upregulated metabolic protein could also be potential avenues to explore for synthetic

lethality (Mast et al., 2020).
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5.4 Limitations of this Work

The material presented in the research chapters of this thesis provided novel insight into
metabolic regulation by DNA tumour viruses, both in the context of infection and cancer.
However, like all research, there are limitations associated with the work presented in this

thesis.

The first limitation is a result of the especially dynamic nature of metabolism and the
relatively static nature of data measurement. For example, both the qPCR data generated
in chapter 2 of this thesis and the RNAseq data analyzed in chapters 2, 3 and 4 of this thesis
are only representative of the metabolic state of the cell or tissue at the timepoint at which

the samples were collected.

For data generated using cell lines, using different infection times or collecting cells after
a shorter or longer period of growth could lead to different levels of metabolism-related
transcripts. However, this does not necessarily mean that the metabolic states of the cells
reflected in chapter 2 are not indicative of a metabolic program that the HAdV infected or
E1A-isoform transduced cells are performing at least at some point during their lifespan or
infection progression. However, time is another factor to be considered when translating
the findings of this research into potential therapies. It could be that cells or diseased tissue
may need to be treated at specific timepoints in order to target the desired metabolic

pathway.

In terms of the TCGA data, which was generated from patient samples. The data represent
an amalgamation of the differing timepoints and conditions from which the patient tissue
was resected. This means that the median expression level of transcripts in certain tissues
may be far from what could be observed in any one tissue individually. Hypothetically, it
is possible that more advanced cancerous tissue may exhibit a completely different
metabolic program than tissue from an earlier state of tumor progression. This adds
complexity to translating the findings of these analyses, as timing and other physiological
conditions may also be a factor. The TCGA does contain data about the stage and grade of
resected tumours, but a larger dataset would be required to stratify tumours based on these

parameters. However, considering the intricacies of obtaining patient tumour tissues in
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high numbers, and matching them with non-cancerous tissue, the TCGA is an invaluable
resource for determining which metabolism-genes of interest should be investigated

further.

Another limitation to the studies presented in this thesis is that that they primarily focus on
RNA expression rather than protein expression. RNA expression levels do not necessarily
correlate with protein levels (Fortelny et al., 2017). It is possible that the metabolic effects
predicted to occur based on the RNA expression data may not occur if the levels of the
correspondingly encoded protein do not change in a similar fashion. However, as shown in
chapter 2, the functional metabolic data does appear to proceed as expected in cells
transduced with E1A-isoforms, as was predicted based on the qPCR data from the same
cell lines. In a corollary to this, miRNAs may be a factor in contributing to changes in both
viral and host-cell gene expression, and miRNAs were not considered in this thesis. EBV
is reliant on its own virally-encoded miRNAs to modulate gene expression and the cell
cycle in infected cells, and these miRNAS may play a role in the genetic program of
EBVaGC (Choy et al., 2008; Kim et al., 2007a). Additionally, both HPV (Lajer et al., 2012)
and HAdV (Huang et al., 2019; Manriquez et al., 2020; Zhao et al., 2015a) can induce
altered expression of miRNAs encoded by the host cell, which may also have implications

for metabolic reprogramming of the infected cell.

5.5 Future Work

The role of the mitochondria in promoting tumour growth, including tumours caused by
DNA tumour viruses, may be one of the most important future avenues of cancer
metabolism research. The conventional wisdom that increased glycolysis and limited
mitochondrial activity leads to, or is associated with, increased tumour growth may not be
entirely true. Functional mitochondria appear to be necessary for an increasing number of
cancers, and other studies have shown that glycolysis is dispensable in many cases (Guo et
al., 2011; Ju et al., 2014; Weinberg et al., 2010; Zdralevi¢ et al., 2018). Indeed, the results
from chapter 3 of this thesis suggest that HPV+ HNSCCs are more reliant on mitochondrial
activity than HPV- HNSCCs, and even EBVaGCs utilized the TCA cycle as shown in
chapter 4 of this thesis.
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Linking metabolic pathways to other pathways that are reliant on components of cellular
metabolism may also yield novel insight into how metabolism contributes to other cancer-
related mechanisms in DNA tumour virus induced cancers. For example, EBV is thought
to downregulate apoptosis, a process that is closely tied to the mitochondria, by
downregulating mitochondria biogenesis (Gilardini Montani et al., 2019). This is
especially interesting considering the analysis in chapter 4 of this thesis, in which EBVaGC
showed broad downregulation of genes encoding mitochondrial components. Affecting
mitochondrial biogenesis could be another way that DNA tumour viruses influence
apoptosis aside from inhibiting p53 function. Necrosis is another mitochondria-related
process of cell death that can occur in cancer and it remains relatively unexplored

(Proskuryakov and Gabai, 2009), especially in the context of DNA tumour viruses.

Interestingly, compounds that attempt to treat cancers by targeting metabolism have been
generally unsuccessful either due to a lack of efficacy or specificity (Faubert et al., 2020).
However, the anti-diabetic compound metformin is increasingly becoming an attractive
candidate to target tumour metabolism. In addition to its effects on insulin, it also is capable
of inhibiting components of the mitochondria, which may be the key to targeting the altered
metabolic profile of cancer cells (El-Mir et al., 2000; Wheaton et al., 2014). There are a
multitude of studies showing the efficacy of this compound on a variety of cancer types,
including a subset of HNSCCs (Davies et al., 2017; Madera et al., 2015) and a few clinical
trials are underway (Arrieta et al., 2019; Brown et al., 2020). Additionally, recent studies
show that inhibiting cancer cell metabolism with both metformin and a glycolytic inhibitor
could be especially effective (Oshima et al., 2020). However, as demonstrated in the data
chapters of this thesis, cancers do not have a homogenous metabolic profile. In the case of
DNA tumour virus induced cancers, the particular viral oncoproteins expressed within the
tumour could influence its metabolic profile, as demonstrated in chapter 2 of this thesis.
For this reason, identifying and testing metabolic inhibitors on DNA tumour virus induced

cancers could be an extremely valuable avenue for future research.

Another idea that will likely become central to the study of cancer-related metabolism,
including DNA tumour virus induced cancers, is the concept of oncometabolites.

Oncometabolites are metabolites that can induce oncogenic epigenetic changes within a
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cell or promote other oncogenic changes (Nowicki and Gottlieb, 2015; Yong et al., 2020).
For this reason, associating the levels of metabolism-related gene expression with
metabolite concentrations and oncogenic epigenetic changes, and determining which

parameter effects change, is another important area of future research.

5.6 Concluding Remarks

Understanding the intersection between the metabolism of virally infected cells and cancer
cells is especially pertinent in the case of DNA tumour viruses, which both cause distinct
diseases and in rare circumstances can lead to the development of cancer. Due to the close
parallels between the metabolic program of a virally infected cell and a cancerous cell,
understanding the metabolism of one disease can lead to new insights into the metabolism
of the other disease. In cancers caused by DNA tumour viruses, at least some of the
metabolic reprogramming that occurs is due to the presence of viral oncoproteins. It is
interesting that these changes may resemble cancer counterparts with a non-viral origin,

but have a distinct etiology.

An appreciation for viral metabolism is especially important considering that at the time of
writing, the world is in the midst of a pandemic caused by a novel coronavirus, SARS-
CoV-2. Part of the reason the emergence of SARS-CoV-2 is particularly concerning is
because, unlike known endemic viruses and bacteria, such as Rabies virus or
Mycobacterium tuberculosis, its biology is poorly characterized and therapeutic options to
treat the virus are very limited. A landmark proteomic study of SARS-CoV-2 infection of
Caco-2 cells indicated that glycolysis, cholesterol metabolism and nucleotide metabolism
were upregulated by the virus in infected cells (Bojkova et al., 2020). Inhibition of either
glycolysis with the hexokinase inhibitor 2-DG or guanosine synthesis with ribavirin
inhibited replication of SARS-CoV-2 (Bojkova et al., 2020). It appears that metabolic
pathways identified to affect well characterized viruses also play a role in the replication
of emerging viruses such as SARS-CoV-2, highlighting the importance of studying the

metabolic reprogramming of virally infected cells.

Finally, studying the metabolic profile of virally induced cancers, such as HPV+ HNSCC

or EBVaGC are also of utmost importance even with the existence of an extremely
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effective HPV vaccine that can prevent the occurrence of HNSCC (Petrosky et al., 2015).
In the case of EBV, no effective vaccine for EBV induced cancer exists, which necessitates
a full understanding of the phenotype of EBV-positive cancers. For HPV+ cancers, despite
the safety and effectiveness of the vaccine, vaccine unawareness and anti-vaccine
sentiment limit vaccine uptake amongst people in many different countries that have access
to the vaccine (Chen et al., 2020a; Chido-Amajuoyi et al., 2020; Ranci¢ et al., 2020; Simms
et al,, 2020). This is also compounded by potential disruption to HPV vaccination
schedules due to the coronavirus pandemic (Pfeffer, 2020). For these reasons,
understanding the effect of viral oncoproteins on host-cell metabolic reprogramming and
how these may result in unique metabolic profiles in cancers caused by DNA tumour

viruses remains a topic of utmost research significance.
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Appendix

Appendix A: Calculation for RT-gPCR data using the 2-2ACt
method

Step 1: Average technical replicate values for each biological replicate. The standard
deviation between technical replicates should be less than 0.5.

Step 2: Calculate the geometric mean of the reference genes for each biological replicates.
In Excel this function is “=GEOMEAN(Ref1,Ref2)” Note: this is only applicable if more
than one reference gene was used. In this example B-actin and H2AFY were the reference
genes.

D2 . fx =GEOMEAN(C2,C11)
A B C D
Bioloigcal
replicate
Ct Ref
1 Gene Sample Ct Geomean
24.861997
24.94558
24.721748
25.273899
24.33589
Calculated 25.396868
geometric 24.730844
mean 25.160454
25.261333
11 H2AFY EV1 28.691
12 EV 2 28.942
13 EV3 28.8
14 1251 28.542
15 1252 28.108
16 12S3 29.175
17 1351 28.717
18 1352 29.103
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Step 3: Calculate a ACt for each biological replicate by subtracting the Ct for a gene of
interest, such as ACO2, by the corresponding geometric mean.

E20 . fx

=C20-D2
Geometric mean m = = = =
for Ct of reference _—
genes ACt (Gene
of Interest -
Ref Geomean
1 Gene Sample ct Geomean RefGenes)
2 B-actin EV1 21.544[ 24.8619972]
3 EV2 21.501 24.9455796
4 EV3 21.221 24.7217475
5 1251 22.38 25.2738988
6 1252 21.07 24.3358904
7 1253 22.108 25.3968679
8 1351 21.298 24.7308444
9 1352 21.752 25.1604542
ACt for a 10 1353 21.833 25.2613326
biological | 11 H2AFY EV1 28.691
repl icate 12 EV2 28.942
EV3 28.8
1251 28.542
15 28.108
16 29.175
17 1351 8.717
18 1352 29.
19 1353 29.228
20 |ACO2 EV1 | 1.46200282_|
21 26.569 1.62342039
22 26.487 1.76525249
Ctforgene |23 26.626 1.35210121
of interest rt 1252 25.871 1.53510963
25 1253 26.869 1.47213208
26 1351 24,987 0.25615557
27 1352 25.464 0.30354579
28 1353 25.885 0.62366741

Step 4: Calculate an average ACt value (ACtayvg) for each biological replicate using the
Excel formula “=AVERAGE” and the corresponding standard deviation using the

formula “=STDEV.S”.

Biological replicate A B C D E F G
values used to
calculate ACt Avg ACt (Gene
and SD for A549-EV of Interest -
Ref Geomean
o ) 1 Gene Sample Geomean Ref Genes) Average ACt SD
Biological replicate
values used to 1 2 ACO2 EV1 . 1.46200282 1.6168919[ 0.15173021|
calculate ACt Avg
e o Acao o6 EV2 26.569 1.62342039
4 26.487 1.76525249
5 1251 : 1.35210121 1.45311431[ 0.09297461|
Biological replicate | 6 1252 25.871 1.53510963
values used to
calculate ACtAvg T 1253 26.869 1.47213208
and SD for A549-135 | 8 13 4.987 0.25615557 0.39445626| 0.19991191|
9 1352 25.464 0.30354579
10 1353 25.885 0.62366741
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Step 5: Calculate the AACt value was calculated by subtracting the ACt of the condition
(A549-138S or A549-12S), from the ACt of the control sample (A549-EV).

ES . fx =52
A549-12S - = - = :
(Condition) N
ACtAvg aact
(Condition -
Average Control
A549-EV 1 Gene Sample ACt SD Sample)
(Control) 2 ACO2 1> | 1.6168919] 0.15173021 0
ACtAvg - 3 EV
4 EV3
5 | 1251 1.45311431 0.09297461| -O.1637776_|
Calculated 6 1252
ANACt for S3
A549-12S 8 1351 0.39445626 0.19991191 -1.2224356
9 1352
10 1383

Step 6: Standard deviation ACtsp values are added or subtracted from the AACt values.

A B © D E F G H
AACt for A549-12S aact
or ) (Condition -
Average Control RQ 2A-

Sample) (aACT) AACT+SD  AACT-SD
ACtspfor A549-12

0 1 0.1517302 -0.1517302
3
4
5 1251 1.4531143| 0.0929746| -0.1637776| 1.1202165] -0.070803 -0.2567522|
6 1252
ACtso is both addeW/
and subtracted 1351 0.3944563 0.1999119 -1.2224356 2.3334032 -1.0225237 -1.4223476
from AACt
9 1352
10 1353

Step 7: RQ = 2"24Ct RQupax = 27AACHACED) " and RQmin = 2-(AACHACESD) are calculated.

D5 . fx =205
AACt + ACtsp
. B c D E F G H
is used to
calculate RQwmin Aact
(Condition -

RQ 2 RQMin 27~ RQ Max 2A-
. 1 Gene Sam Sample CT) AACT+SD  AACT-SD (AACT+SD) (AACT-SD)
AACtis used to ACO2 EV1 0 5173021 -0.1517302 0.90017025 1.11090097

calculate RQ
\4\\/3\
5| 1251 | -0.1637776] 1.12021651] -0.070803] -0.2567522] 1.0503011] 1.19478597
AACt - ACtsp j 1252
is used to 12224356 233340323 -1.0225237 -1.4223476 2.03146953 2.6802128

calculate RQmax 3 1352
10 13S3




Step 8: The biological replicate ACt values

with a student’s two-tailed t-test.

are used to calculate

208

statistical significance

v8 : f =T.TEST(D2:D4,08:010,2,2)
ACt of A549-EV A c D E F G H I K L M
(control) ACt (Gene AACT
of Interest - (Condition -
Geomean  Average Control RQ 27 RQMin 2A- RQ Max 2A- P-value vs
ACt Of A549-13S 1 Gej Sampl Ct Ref Genes) ACt SD Sample) (aacT) AACT+SD (AACT+SD) (AACT-SD)  Control
2 Kco2 EV1 4| 1.4620028| 1.6168919 0.1517302 0 1 0.1517302 -0.1517302 0.9001702 1.110901
EV2 26.569| 1.6234204
4 EV3 26.487| 1.7652525
T-test formula 26.626 1.3521012 1.4531143 0.0929746 -0.1637776 1.1202165 -0.070803 -0.2567522 1.0503011 1.194786 0.186138
and p-value 6 -
7 1.4721321
8 | 1351 0.2561556( 0.3944563 0.1999119 -1.2224356 2.3334032 -1.0225237 -1.4223476 2.0314695 2.6802128| 0.0010811]
9 1352 25.464| 0.3035458,
10 1353 25.885| 0.6236674
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