TARGETING OF EPIGENETIC MODIFIER EZH2 IN OROPHARYNGEAL SQUAMOUS
CELL CARCINOMAS

by

CAMERON DAVID LINDSAY

A thesis submitted in partial fulfillment of the requirements for the degree of
Master of Science
in

Experimental Surgery

Department of Surgery

University of Alberta

© Cameron David Lindsay, 2018



ABSTRACT

Head and neck squamous cell carcinoma (HNSCC) is the 6 most prevalent cancer worldwide
with rates of human papillomavirus (HPV)-positive oropharyngeal squamous cell carcinoma
(OPSCC) dramatically increasing. The overexpression of enhancer of zeste homolog 2 (EZH2), a
histone methyltransferase responsible for the trimethylation at lysine 27 of histone 3
(H3K27me3), is associated with a poor clinical prognosis and aggressive HPV-positive
phenotypes. Three EZH2 pathway inhibitors; GSK-343, DZNeP, and EPZ-5687, were tested for
efficacy in two HPV-positive (SCC-47 and SCC-104) and two HPV-negative (SCC-1 and SCC-
9) HNSCC cell lines. Treatment with GSK-343 decreased H3K27me3 in all cell lines, whereas
DZNeP decreased H3K27me3 in HPV-negative cell lines as determined by Western blot. Cells
treated with EPZ-5687 displayed no appreciable change in H3K27me3. Epigenetic effect on
gene expression was measured via ddPCR utilizing 11 target probes. Cells treated with DZNeP
showed the most dramatic expressional changes, with decreased EGFR in HPV-positive cell
lines and an overall increase in proliferation markers in HPV-negative cell lines. GSK-343-
treated cells displayed moderate expressional changes, with CCNDI increased in HPV-positive
cell lines and decreased TP53 in HPV-negative SCC-1. EPZ-5687 treated cell lines displayed
few expressional changes overall. Only DZNeP-treated cells displayed anti-proliferative
characteristics via wound-healing assay. Our findings suggest that EZH2 inhibitors remain a

viable therapeutic option for the role of epigenetic effect, potentially limiting cell differentiation.
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CHAPTER 1

GENERAL INTRODUCTION



1.1 WHAT IS EPIGENETICS?

The term epigenetics was introduced by Conrad Waddington in the early 1940’s as “the branch
of biology which studies the causal interactions between genes and their products which brings
phenotype into being” [1]. This definition encompasses all molecular pathways that modulate the
expression of a genotype to produce a particular phenotype. The field of epigenetics has since
evolved and narrowed in scope from its original definition. The field of epigenetics is now
generally defined as “the study of changes in gene function that are mitotically and/or
meiotically heritable and that do not entail a change in the DNA sequence” [2]. Epigenetic
regulation has been implicated in multiple phenomena in both plants and animals. These include
embryonic development, cell differentiation, imprinting, X chromosome inactivation, and
various other gene expression patterns [3-5]. This definition is still quite limited, only accounting
for normal, heritable physiological phenomena. When disease biology is included, this definition
broadens and encompasses multiple facets. Aberrations within the epigenome have been
implicated in a broad range of human diseases spanning immunologic disorders, metabolic and

developmental abnormalities, psychiatric disorders, and cancer [6-10].

1.2 EPIGENETIC MECHANISMS IN CANCER

Cancer epigenetics is a steadily growing field that has demonstrated its importance in various
aspects of carcinogenesis. Changes within the epigenome are known to influence tumor
development, proliferation, metastasis, and resistance to chemotherapies and radiotherapies [6-
10]. Literature focuses on three primary mechanisms of epigenetic carcinogenesis: DNA
methylation, histone modification and their effects on chromatin structure and stability, as well
as post-translational gene regulation through small and non-coding RNA (ncRNA) expression [3,

11-14].



1.2.1 DNA METHYLATION

Alterations in DNA methylation within the epigenome are recognized according to three general
states; hypomethylated, hypermethylated, and loss of imprinting [15, 16]. Loss of imprinting will
not be discussed, as its relevance to cancer biology is currently limited. While discovered much
earlier (see section 1.3 History of Epigenetics), DNA methylation was recognized as the first
encounter with epigenetic abnormalities in cancer in 1982 at a symposium at John Hopkins. It
was shown a genome-wide loss of DNA methylation at the 5 position of a cytosine preceding
guanine (CpG) dinucleotide in cancer cell lines relative to normal tissues [3, 17]. Current
evidence remains coherent with the John Hopkins symposium, and it is a generally supported
hypothesis that hypomethylation of promoter regions by DNA demethylases can be oncogenic
via activation of various proto-oncogenes and chromatin restructuring [18]. The oncogenic
activity associated with DNA hypermethylation tends to be site-specific, targeting promoter CpG
islands catalyzed by a set of enzymes known as DNA methyltransferases (DNMTs). There are
three DNMTs frequently observed in literature; DNMT 1, responsible for the maintenance of the
normal epigenome as well as DNMT3a and DNMT3b, which are responsible for de novo
methylation patterns [19-22]. In cancers, DNA hypermethylation often results in the silencing of
various genes, frequently tumor suppressors genes involved in the regulation of cell cycle

control, DNA repair mechanisms, and apoptosis [6, 23-26].

1.2.2 HISTONE MODIFICATIONS

The structure of chromatin is a well-regulated system involving multiple complex pathways and
interactions that regulate metabolic processes within a cell. The most basic unit of chromatin is
the nucleosome, which is composed of 146 base pairs (bp) strand of DNA wrapped in a left-
handed supercoil around an octamer core of histones approximately 1.7 turns [27, 28]. The
octamer core consists of two of each four globular proteins; H2A, H2B, H3, and H4. At the level
of the chromatosome, histone H1 provides linkage alongside an additional 20 bp of DNA [27-
30]. Histone proteins have a net positive charge which form electrostatic interactions with the

overall negatively charged DNA backbone [27]. At the amino-terminal ends of the histone



proteins, various post-translational modifications can be applied. Due to the net positive charge
of these terminal ends, often lysine or arginine residues, the type and number of modifications
can dramatically alter the electrostatic interactions between histone and DNA [31-33]. These
modifications lead to changes in the chromatin structures and can alter gene expression via the
allowance or blockage of access to various target genes to transcriptional machinery. These
include acetylation, phosphorylation, methylation, ubiquitination, sumoylation, and ADP-
ribosylation. These modifications, while all able to remodel chromatin structure, seem to be
limited to aberrant acetylation and methylation profiles in carcinogenesis [4, 13, 34, 35]. The
primary enzymes involved in histone methylation and acetylation processes include histone
methyltransferases (HMTs), histone demethylases (HDMs), histone acetyltransferases (HATS),
and histone deacetylases (HDACS) [6, 7].

Currently, there are two known types of HATs; A-type that are localized within the nucleus and
are involved in the catalysis of transcription-related acetylation, and B-type localized within the
cytosol that are involved in the catalysis of newly generated histones. While the exact
mechanism behind HATs facilitation of transcriptional regulation is not fully understood, it is
generally accepted that HAT’s facilitate the opening of chromatin for recruitment of
transcriptional machinery through the transfer of an acetyl group from an acetyl-CoA molecule
to e-amino groups of specific lysine residues [36-38]. Their overexpression has been associated
with various cancers via encouragement of transcription factor binding, resulting in gene
activation or overexpression. HAT overexpression can be seen in several cancers with histone 3
lysine 27 (H3K27) acetylation being one of the more well-documented modifications and can be
seen in lung cancers and hematopoietic cancers [39, 40]. The overexpression of HDACs results
in deacetylation and gene silencing events that can be oncogenic [40-42]. Histone methylation
works in a slightly different process, where methylation, or multiple methylations, of lysine and
arginine residues result in the structural rearrangement of chromatin to allow or block
transcriptional machinery from accessing a particular gene of interest [43, 44]. Like histone
acetylation, aberrant expression of HMTs and HDMs has been associated with carcinogenesis of
various cancers via gene silencing or overexpression, respectively. Cancers frequently show
altered methylation profiles on histone H3 at specific lysine sites including K4, K9, K27, K36,
K79 [44]. Histone modifications remain a complex field of study in the context of disease

4



models, as modifications occurring at various sites act as part of a standard and temporary

biochemical processes such as gene expression or DNA repair of distinct tissue types [45].

1.2.3 SMALL AND NON-CODING RNA

While a relatively new area of study, ncRNAs have shown numerous links to carcinogenesis and
malignancy progression. Their first link to cancer was revealed by the altered expression profiles
of miR-15 and miR-16 in chronic lymphocytic leukemia and they have since been discovered to
have a role in multiple other cancer variants [46-50]. ncRNA are categorized based on size. Less
than 200bp are known as small ncRNAs, while ncRNA molecules greater than 200bp are known
as long non-coding RNAs (IncRNAs) [35]. Included within the small ncRNAs are the small
interfering RNAs (siRNAs), micro RNAs (miRs), and PIWI-interacting RNAs (piRNAs). While
all molecules contribute to gene silencing, much of cancer research focuses on miRs. miRs have
been shown to silence genes via direct interaction with mRNA, either through mRNA translation
inhibition or through targeting mRNA for degradation [47, 51]. Epigenetic silencing by specific
miRs may have a direct causal link in carcinogenesis as evidence suggests their role may include
that of tumor suppressor [52]. Unlike small ncRNAs, IncRNAs have no formal categorization.
However, most are organized based on a particular transcripts function, including chromatin
remodelling and transcription factor modulation. Knowledge of IncRNAs in carcinogenesis is
limited, but evidence of IncRNAs chromatin remodeling function suggests a significant role in

tumor formation and maintenance [35, 46, 53].

1.3 HISTORY OF EPIGENETICS

As our knowledge of biological mechanisms of gene expression has increased, so too has our
definition of the term “epigenetics”. First coined by CH Waddington in 1942, epigenetics was a
term broadly used to define all developmental regulatory processes occurring from a fertilized
zygote to the mature organism [1, 54]. This paradigm had its origins in the study of cell biology
and embryology, ultimately laying the groundwork for our current understanding of gene

regulation and development. At that time, embryologists were divided into two different schools
5



of thought; “preformatism” where each cell contained preformed elements that expanded
throughout development, and “epigenesis” where cells performed numerous chemical reactions
that followed a complex plan of development. While both fields of thought had merits and
pitfalls, the result of this rivalry brought forth a large influx of knowledge regarding the role of

the cells’ nucleus and cytoplasm [45].

One of the most revolutionary theories introduced in the movement, also by CH Waddington,
was the theory of “canalization” and the “epigenetic landscape™. This concept proposed that
phenotype was not just the result of additive effects of multiple genes, but was driven by a
unique developmental system. This theory was brought about by the resilience of phenotypic
expression when eukaryotic developmental systems were subjected to multiple genetic and
environmental variations. This ability to buffer or suppress phenotypic variations was known as
canalization [54, 55]. It was proposed that developmental processes would lead to specific

phenotypic endpoints or milestones from separate genetic starting points.

The concept of the epigenetic landscape was utilized to illustrate the theory of canalization via
the “ball rolling down a hill” imagery seen in FIG. 1.1. Proposed were multiple paths that
featured downward slopes with an undulating surface between each path. The ball represented a
specific cell or tissue and the paths determining the ultimate fate of differentiation. If the ball
rolled down the landscape, it would be forced to take a specific pathway to reach the “canalized”
low point. To roll back up the hill or to take another path would be a difficult endeavour. How it
suppressed the influence of the genetic and environmental factors is represented through small
deviations in surface heights and widths. Ultimately, the changes to a surfaces height or width
would do little to disrupt the ball, or cell’s, fate. Also proposed are the influences of gene
expression, represented by pegs and strings underneath. The pegs and strings link to form the
crevices and hills of the epigenetic surface. To summarize in biological terms, a cells fate is
determined by gene interactions and once decided, its developmental endpoint is difficult to
reverse. Waddington’s theory predicted genetic variations and mutations would accumulate until

a decanalizing event would result in a gross change to the cell’s phenotype [37, 54, 55].
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FIG. 1.1 Waddington’s model of Epigenesis

Above: The landscape as imagined by Waddington. The surface begins at an elevated position,
where elevations and depression on the surface form multiple lower end pathways. Each pathway
is representative of a developmental endpoint. The cell, represented by the ball, will roll down to
an ultimate developmental endpoint. Therefore, once a cell reaches a developmental pathway it
cannot be reversed. The ball at its highest point is representative of a totipotent cell. Once
canalized, its characteristics are relative to that of a committed cell. Below: Genetic interactions
and pathways, represented by pegs and strings, respectively. They interact with one another to
shape the genetic landscape depicted above, representing the collective genetic interactions
required to ultimately shape a cells developmental fate.

(Figures reprinted from Waddington’s The Strategy of Genes: A Discussion of Some Aspects of
Theoretical Biology, 1957, Figure 4 on page 29 and Figure 5 on page 36, George Allen and

Unwin, with permission from Taylor and Francis. Both figures have been modified)



The field of epigenetic regulation remained relatively dormant until approximately 65 years ago,
when Watson and Crick brought forth the explanation of the molecular structure of DNA [56].
Following this time, multiple mechanisms of epigenetic regulation were discovered, such as the
three primary mechanisms of epigenetic regulation (DNA methylation, histone modification, and
ncRNA-mediated regulation). Some epigenetic phenomena were also documented during this
time; including transvection, paramutation, and X chromosome inactivation. X chromosome
inactivation in particular provided renewed interest regarding the epigenetic question. Its
discovery clearly demonstrated random gene regulation with no evidence of change in the DNA

sequence [5, 37, 57-59].

DNA methylation was technically discovered in 1925 by Johnson and Coghill when they
identified 5-methylcytosine in tubercle bacilli. However, it was not formally accepted until 1948
when Hotchkiss viewed 5-methylcytosine on hydrolyzed nucleic acid [37, 60, 61]. This was
further confirmed by GR Wyatt in 1950 [62]. Despite the discovery of methylated nucleic acids,
the role of DNA methylation as a genetic regulator was not proposed until 25 years later by
Holliday and Pugh (1975) and Riggs (1975) independently; suggesting this mechanism could

account for processes such as X chromosome inactivation [59, 63].

Theories of a histones role in gene expression were proposed as early as the 1950s; long before
the solidification of the chromatin structure by Kornberg in 1974 [29]. In 1964 Allfrey and
colleagues performed a study on calf thymus nuclei with acetate and methionine precursors.
Their study had demonstrated dynamic regulatory effects of histone acetylation on RNA
polymerase reactions, suggesting a link between histone acetylation and transcriptional
activation. Their conclusions on methylation were slightly different in relation, suggesting
methylation only playing a role in posttranslational modification [64]. This linkage between
histone acetylation and transcriptional activity was further supported by Riggs and colleagues in
1977, while the transcriptional regulatory role of histone methylation was not demonstrated until
the late 1990s by Chen and colleagues and Strahl and colleagues [37, 65-67]. In 1991, work by
Durrin and colleagues in Saccharomyces cerevisiae provided another monumental step forward

regarding the involvement of histone modifications in gene regulation. They performed a series
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of amino acid deletions and substitutions in the H4 N-termini, which resulted in a dramatic
reduction in GALI activation. They concluded that the histone H4 N-terminus is involved in
transcription initiation and silencing [68]. Brownell and colleagues provided further detail on the
mechanisms at work. Their study showed a histone acetyltransferase in Tetrahymena was
homologous to a known yeast transcription regulator protein GcnS. This parallel indicated a
direct connection to histone acetylation and regulation of gene expression [45, 69]. From then till
modern day, major breakthroughs in knowledge of the roles and mechanisms of various histone
modification types have been quite frequent. We have seen the discovery of A- and B-type
HATs, A-type HATs role as a transcriptional coactivator, the discovery and role of HMTs in
transcriptional regulation, and the most recently discovered method of transcriptional regulation

via sumoylation of histone H4 [45, 65, 66, 70-73].

Of the epigenetic regulators, ncRNAs are the most recently discovered. The first recognized of
this category are miRs, and like the concept of epigenesis itself, began in the field of
developmental biology. In 1993, Lee and colleagues identified the first miR by cloning the
developmental gene lin-4 in Caenorhabididtus elegans. They had noticed this process resulted in
two separate transcripts being produced (/in-4S and lin-4L) without the translation of a protein.
The transcripts produced also contained complementary sequences to the /in-14 mRNA,
suggesting the possibility of RNA-RNA interactions [45, 74]. This interaction, otherwise referred
to as RNA interference, would not be identified until 1998 by Fire and collegues through their
work with C. elegans. Their study showed the effects of specific gene suppression on the worms
when injected with double stranded RNA [75]. IncRNAs remain far less studied in comparison,
despite their discovery in the 1990s through cDNA library searches [76]. Currently their role and
classification is still widely debated, but their implication in cancer biology has spurred great

interest in the molecule [77].

1.3.1 THE HISTORY OF EPIGENETICS ROLE IN CANCER

The idea of epigenetic implications in tumorigenesis was first proposed by Markert in 1968,

prior to the discovery of the epigenetic regulatory mechanisms. It was suggested that the



development of cancer was potentially instigated through the alteration of various genes via
external epigenetic mechanisms [78]. This theory was refined further by Holliday in 1979,
suggesting damage to DNA could result in the alteration or loss of specific DNA methylation

which would result in a change in gene expression [79].

DNA methylation is recognized as the first encounter with epigenetic abnormalities in cancer
cells, first described in 1982 at a symposium at John Hopkins. The study showed a genome-wide
loss of DNA methylation at the 5° position of CpG dinucleotides in cancer cell lines relative to
normal tissues, allowing nearby genes to become activated [3, 17]. While the exact mechanism
behind global methylation interactions remain unknown, the SNF2 family of helicases remain an
active area of investigation due to their regulatory role in DNA methylation. Evidence of
genome-wide hypomethylation in multiple other cancers has been reported since the advent of
high-throughput methylation techniques [3]. Cancers of multiple tissue origins including
stomach, kidney, colon, cervix, and head and neck are associated with genome-wide
hypomethylation in 5-methylcytosine [34, 80-83]. Hypomethylation’s role in carcinogenesis
remained relatively dormant until very recently with the discovery of drug, toxin, and viral
effects on the epigenome [3]. Four years from the symposium at John Hopkins, Baylin and
Nelkin (1986) observed the role of hypermethylation and its role in lung cancer. When using
calcitonin (CT) as an expressional marker, CT expression was found to be silenced in lung
cancer relative to normal adult tissues. This silencing was shown to be a direct result of
hypermethylation at the 5'-region of the CT promotor [84]. Hypermethylation’s direct role in
carcinogenesis was revealed shortly afterwards in 1989, with the discovery of retinoblastoma
tumor suppressor gene RB demonstrating site-specific hypermethylation in a retinoblastoma
model [85]. Research within this area was slow to progress following this discovery until 1994,
when a rapid increase in knowledge of cancer specific gene promoters were hypermethylated.
The most notable publications included CDKN24, VHL, and MLHI; coding a cyclin-dependent
inhibitor, an E3 ubiquitin ligase, and DNA mismatch repair enzyme, respectively [86-88].
Multiple progressions in the field of cancer epigenetics have been made with much focus on the
alteration of DNMTs via chemical inhibitors, RNA silencing, and or knockout studies for
targeted gene reactivation. From these studies, mixed results have been obtained [1]. Queries

obtained from these studies question whether initial hyper/hypomethylation is a direct result of
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DNMT dysregulation or whether it is a secondary to other modifications like histone
modifications. Bachman and colleagues provided an answer to this question, acknowledging the
methylation of H2K9 occurs in conjunction with the re-silencing of CDKN2A4 following a
DNMT knockout [89].

The concept of histone modifications as a form of transcriptional regulation was first proposed
by Vincent Allfrey and colleagues in 1964 through their work with histone acetylation [64].
However, implications with regard to cancer did not come into the spotlight until much later
through the discovery of interactions with DNMT’s in the 1980’s [90-93]. Histone methylation’s
role in gene regulation was formally recognized in 1999 by Strahl and colleagues [67]. They
were able to show regulatory gene silencing being a result of cyclical histone methylation
mediated by histone methyltransferase SUV39H1 [67]. Inspired by this research, Nguyen and
colleagues demonstrated H3K9 methylation was correlated with CDKN2A silencing [94]. In this
study, chromatin immunoprecipitation assays were utilized to view methylation status of H3K9
and H3K4 in bladder cancer cells following treatment with 5-aza-2'-deoxycytidine, a cytosine
methylation inhibitor. Their results showed reduced levels of dimethylated H3K9, increased
levels of dimethylated H3K4, and 5-aza-2'-deoxycytidine treated cells displayed increased H3K4
acetylation and methylation at the p/44RF promoter [3, 94].

The recently discovered ncRNAs have shown numerous and diverse links in both carcinogenesis
and malignancy progression. The first link to cancer was shown by the different expression
profiles of miR-15a and miR-16-1 in B-cell chronic lymphocytic leukemia [46-50]. 2005 proved
to be a breakthrough year for miR knowledge, beginning with the first direct implication of miR
function as oncogenes by He and colleagues [95]. Their study observed the overexpression of
miR-17-92 cluster enhanced lymphoma in vivo within a mouse model via the c-MYC oncogene
[95]. O’Donnell and colleagues further expanded on this evidence, showing c-MYC's ability to
regulate miR-17-92 expression [96]. Johnson and colleagues also demonstrated the mechanical
role of miR’s in cancer progression, exhibiting Let-7’s targeting of oncogene RAS involving

multiple cancer types [97].

The complexity of miR regulation was exemplified in 2006 by Saito and colleagues [98]. Their

study demonstrated the role of both DNA methylation and histone modifications in regulating
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the expression of miRs. Of focus was miR-127, a miRNA often silenced in cancer cells. When
Saito and colleagues utilized chromatin demethylation and deacteylation agents, miR-127 was
found to be overexpressed [98]. The role miRs play in cancer progression and malignancy was
observed in 2007. In breast cancer cells, miR10b was shown to play a role in both tumor
invasion of nearby tissues as well as metastasis [99]. Tavazoie and colleagues had demonstrated
the opposite, with miR-126 suppressing tumor growth and proliferation while miR-335 and miR-
206 were regulating migration and cell morphology [100]. Fortunately in 2010, Medina and
colleagues introduced an interesting phenomenon in miR regulation and tumorigenesis - the
concept of “oncomiR addiction”, otherwise known as the dependence of one or a few genes for
maintenance of a malignant phenotype [101]. Their study found through the manipulation of a
single miR (miR-21) that its overexpression was enough to stimulate neoplastic development in a
mouse model. Additionally, tumor size showed significant decrease and survival rates
significantly increased following miR-21 inactivation [101]. Melo and colleagues later provided
strong evidence that breast cancer miRs can enter normal cells and induce transcriptome
alterations that lead to tumor formation [102]. This line of evidence has further spurred research

into miR chemotherapeutics.

An exciting development in cancer epigenetics is the link between diet, lifestyle, and
environmental factors leading to the development of neoplasia. The most well studied example is
between dietary methionine and DNA methylation. In normal cells, methionine is an essential
amino acid that acts as a methyl donor [103]. In a study by Chen and colleagues, patients with
higher dietary methionine displayed lower incidences of cancer, suggesting increased
methylation content [103]. Reduction of methylenetetrahydrofolate reductase, an enzyme
involved in methionine metabolism, has been associated with alcohol consumption. Alcohol has
well established cytotoxic properties [3, 103]. Certain dietary agents such as green tea
polyphenols and phenethyl isothiocyanate have shown an ability to act as DNMT and HDAC
inhibitors in cells [104]. These agents were more effective than current epigenetic
chemotherapeutics. This would suggest cancer prevention could potentially be achieved through

dietary and/or non-pharmaceutical intervention [104].
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2.1 OROPHARYNGEAL SQUAMOUS CELL CARCINOMA EPIDEMIOLOGY

Head and neck squamous cell carcinoma (HNSCC) is the sixth leading cancer worldwide, with
over 600 000 new cases per year [105]. Males appear to be affected significantly more than
females worldwide, with rates being two to four times higher [106]. In the United States,
approximately 60 000 new cases are diagnosed annually with 12 000 patients dying from the
disease [107, 108]. The primary risk factors associated with head and neck cancers include the
consumption of alcohol, cigarettes, chewing tobacco, and betel quid due to their mutagenic and
cytotoxic properties combined with consistent exposure to the epithelial layers of the upper
aerodigestive tract [105, 107-109]. Exposure to various microbes has also been implemented in
the acquisition of head and neck cancers. The Epstein-Barr Virus is associated with
nasopharyngeal carcinoma, whereas human papillomavirus (HPV) is found in the majority of

oropharyngeal squamous cell carcinomas (OPSCC) [97-99].

In many parts of the world, the incidence of HNSCC has decreased since the 1980s and is
attributed to successful smoking cessation public health campaigns. However, the incidence of
OPSCC has been rapidly increasing over the past decade due to HPV-associated infections. In
the 1990s, studies suggested HPV-positive tumors composed approximately 40-60% of total
OPSCCs, while recent studies have shown rates have risen to 70-80% in developed countries
[108, 109]. HPV serotypes 16, 18, 31, 33, 35, 39, 51, 52, 56, 58, 59, and 66 have causal links
with HPV-associated carcinogenesis; however, HPV-16 has shown a much higher level of

incidence (approximately 88%) relative to other serotypes [110-112].

2.2 HUMAN PAPILLOMAVIRUS BIOLOGY

HPYV is a nonenveloped, double-stranded DNA virus that is approximately 8000 bp [113]. There
are over 150 known serotypes of HPV that have been obtained from human epidermal and
mucosal epithelium. HPV is classified as a sexually transmitted virus, with the majority of
infections being spread human-to-human via genital-to-genital or oral-to genital contact. Viruses
are categorized as either “low-risk” or “high-risk” with regard to their oncogenic potential. Low-

risk serotypes often manifest in the form of epithelial warts or oral papillomas. 12 HPV serotypes
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(16, 18, 31, 33, 35, 39, 51, 52, 56, 58, 59, and 68) are included within this high-risk category,
with HPV-16 and 18 alone being accountable for approximately 71% of cervical (90% when
including other high-risk serotypes), over 85% of head and neck (90% when including other
high-risk serotypes), and over 87% of anogenital cancers (anus, vulva, vagina and penis, 96%
when including other high-risk serotypes) [114]. Their viral genome consists of 8 encoded
proteins (E1, E2, E4, ES, E6, E7, L1, L2) involved in viral replication, maintenance, and capsid
proteins [115, 116]. Viral proteins E6 and E7 have been shown to play an integral role in

carcinogenesis and will be discussed in greater detail in later sections.

The mechanism of entry into cells by HPV starts when a virion binds to cell surface heparin
sulphate proteoglycans (HSPG) and cyclophilin B. Through this binding, the virion is uncoated
and internalized into the cell [117, 118]. This process is likely mediated by a secondary receptor,
as HSPG binding is not sufficient for entry [119]. Epidermal growth factor receptors (EGFR)
have been shown to play an integral role in HPV infection as well. HPV capsids pre-coated with
HSPG-growth factor form a complex and activate EGFR, thus inhibiting cellular autophagy and
allowing further uptake of the virus [120, 121]. Upon infection of the host cell, low pH exposure
by host cell endosomes allow viral capsid proteins which are bound to viral DNA to be released
into the host cell’s cytoplasm. The viral protein-DNA complex travels along host cell
microtubules into the nucleus [122]. Once in the nucleus, HPV integrates into the host genome
and begins replication. In cancer cells, this integration into human chromosomes has been shown
to increase and stabilize the expression of viral oncoproteins E6 and E7 [123]. HPV integration
sites are distributed along the entire human genome, with various serotypes displaying degrees of
favoritism on specific chromosomal regions. For instance, HPV-16 favors integration at
chromosomes 1, 2, 3, 5, 8, and 9 [124]. An interesting discovery by Akagi and colleagues has
shown an association between the number of HPV integrants and their effects on neighboring
gene expression [125]. They found as the number of viral integrants increased, the chances of
direct disruption of neighboring genes via alterations in genomic structures increased alongside
[125]. While an interesting line of research, it is still very much in its infancy and further
investigation into HPV integration-associated mutagenesis is required prior to making any

definitive claims.
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2.3 MOLECULAR MECHANISMS OF CARCINOGENESIS IN OPSCC

Research demonstrates distinct differences in HPV-positive OPSCCs host gene expression
profiles relative to HPV-negative OPSCCs, with these changes being present within multiple
genomic modification mechanisms. Each change observed provides further insight into the
mechanisms of cancer tumorigenesis, proliferation, invasion, and metastasis in both HPV-
positive and HPV-negative OPSCC. This biological distinction based on HPV status is directly
reflected by both clinical presentation and response to current treatment modalities, as HPV-
positive OPSCCs have significantly better prognostic outcomes [126, 127]. The use of
biomarkers in determining clinical diagnosis and prognostic outcome is widely used within the
medical field. One of the best-known examples for use in oncological fields today is marker of
proliferation, Ki-67, chosen for its reliability of expression only in proliferating cells [128, 129].
The field of genetics, specifically epigenetics, has shown an increase in popularity of epigenetic
markers as the advents of high throughput genetic technologies becomes increasingly more
affordable, accessible and efficient. Clinical biomarkers are detected in the human body through
various means including resected tumors, blood plasma DNA, and urine sediments. Cancer

biomarkers are typically observed through biopsy or sample of resected tumor [4].

Specific DNA methylation patterns are showing increased promise as biomarkers, some claiming
superiority to current markers, as they hold increased levels of stability and can be amplified in a
cost-effective manner [4, 130, 131]. Histone modifications may also provide potential utilization
as prognostic markers. Histone methyltransferase enhancer of zeste homolog 2 (EZH2) and
subsequent H3K27 trimethylation is found to be overexpressed in numerous cancer types and is
frequently indicative of a poor prognosis [7, 132, 133]. EZH2 is of primary focus within this
study. Unfortunately, the study of histone modifications faces the limitation of unknown gene
activity changes following gross chromatin remodeling typically associated with histone

modifiers. This would suggest further study is required before diagnostic use [7].

Despite being the most recently discovered of the epigenetic modifiers, miR’s have shown some

of the greatest potential as prognostic markers. As mentioned in 1.3.1, their role in cancers
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appears to be quite significant to all stages of cancer, including tumorigenesis, invasion,
metastasis, and response to therapy [7, 134]. A summary of the potential epigenetic biomarkers

involved in OPSCC can be found in Table 1.

2.3.1 THE p53/Rb PATHWAY

Frequently encountered in both mutational and epigenetic modification-mediated OPSCC are
alterations directly involved, or alterations that indirectly affect the pS3/Rb pathway [135, 136].
This pathway can generally be split into two separate directions according to splicing variants of

the CDKN2A gene.

A key factor involved in the response of cell cancer stress signal such as DNA damage or
oncogene activation, is the tumor suppressor protein p53. Once activated, p5S3 can elicit the
expression of multiple cellular responses resulting in growth arrest, senescence, and apoptosis
[137]. Because of this dramatic response from activation, physiological levels of p53 are
typically quite low. Low levels of p53 can be attributed to regulation by mouse double minute 2
homolog (MDM2), an E3 ubiquitin protein ligase that targets p53 for rapid degradation via
ubiquitination. MDM?2 is in turn regulated by protein alternative transcript reading frame variant
pl4ARF encoded by the CDKN2A gene. Frameshift transcription of CDKN24 is triggered by the
aforementioned stress signal, leading to the expression of pl4ARF which then inhibits MDM?2
[138].

Tumor suppressor protein, retinoblastoma (Rb), is responsible for the repression of gene activity
during the transition from G1 to the S phase of the cell cycle [139]. This process is mediated via
the formation of a complex containing Rb bound to E2F. Release of Rb from E2F occurs by
phosphorylation of Rb via cyclin-dependent kinase complexes CCND1/CDK4/CDK6. Both p21
and another alternative splicing variant of the CDKN2A gene, pl6INK4A, are cyclin-dependent
kinase inhibitors responsible for the binding and inhibition of these kinases. Their function
prevents progression of the cell into the S phase [139]. Induced growth arrest mediated by p53
occurs through the transactivation of multiple genes, including the tumor suppressor protein p21
[138].

17



The large majority of HPV-negative HNSCC cases are a direct result of mutation within the
p53/Rb pathway. Suggested rates of 50-80% of HNSCC cases containing a mutation in the 7P53
gene directly, as well as a large number of cases reporting reduced CDKN2A4 or amplified
CCNDI[140-143]. HPV’s oncogenic activities are also largely attributed to interference within
this pathway by oncoproteins E6 and E7. HPV E6 binds and targets p53 for degradation via
ubiquitination, thereby contributing to unstable G1/S phase that would normally follow an
apoptotic death following cellular stress [144, 145]. HPV oncoprotein E7 binds and targets Rb
for degradation, freeing transcription factor E2F to activate S phase [146, 147]. Free E2F also
transcribes CDKN2A resulting in the overexpression of pl6INK4A, for this reason pl16INK4A is
used a surrogate marker for HPV status in both cervical and HNSCC [148].
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FIG. 2.1 Summary of CDKN2A and TP53 pathways in HNSCC.

Inhibition of Rb by HPV viral oncoprotein E7 results in the release of transcription factor E2F.
E2F transcribes tumor suppressor p16. Other downstream targets of E2F become transcribed
ultimately leading to increased cell proliferation as well as EZH2 expression. Cell stress signals

trigger the transcription of tumor suppressor protein p14 that prevent the degradation of p53 and
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lead to apoptosis/cell cycle arrest. Viral oncoprotein E6 inhibits p53 activation, thereby

inhibiting apoptotic checkpoints from being activated.

2.3.2 THE PI3K/Akt PATHWAY

Phosphatidylinositol-3-kinases (PI3Ks) are an enzyme family responsible for the regulation of
various cell functions. PI3Ks are divided into three different classes: Class I, Class II, and Class
IIT [149]. Of most interest in cancer biology are the Class I, specifically IA, PI3Ks. Class TA
subtypes are activated by receptor tyrosine kinases, which are often found to be dysregulated in
cancers [150]. Functions of the PI3K family include regulation of cell growth, differentiation,
proliferation and survival via the phosphorylation of the 3°’OH position of phosphatidylinositols.
PI3K phosphorylates phosphatidylinositol 1,4-bisphosphate (PIP2) to form phosphatidylinositol
1,4,5-triphosphate (PIP3) [136]. The tumor suppressor phosphatase and tensin homolog (PTEN)
functions antagonistically to the PI3K, converting PIP3 to PIP2 [151]. PIP3 is formed through a
catalytic reaction that recruits phosphoinositide-dependent protein-kinase 1 (PDK1) and Akt
[152]. Following phosphorylation of Akt by PDKI1, Akt then targets serine/threonine protein
kinase mammalian target of rapamycin complex (mTOR). mTOR has two structurally distinct
complexes: mMTORCI1 and mTORC2, both of which play an important role in the regulation of
cell growth, transcription, motility, and proliferation. The activity of mTORCI is stimulated by
insulin, various growth factors and oxidative stress that stimulates cell growth through the
phosphorylation of S6K and 4E-BP1 [153]. mTORC2 phosphorylates and activates Akt [154].
mTOR activation results in an increased level of proteins such as CCNDI1 and vascular
endothelial growth factor (VEGF), thereby stimulating proliferative processes leading to

tumorigenicity and malignancy [155].

Genetic aberrations in the PI3K pathway are relatively common in OPSCC, and more commonly
found in HPV-positive cancers. The PI3KCA gene has been shown to be mutated/amplified in
anywhere from 6-20% of HPV-negative patients and over 50% of HPV-positive patients.
Physical mutations of PTEN have been reported in approximately 7% of HNSCC with
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unspecified HPV status, promoting proliferation and cell survival through the utilization of

mTOR interactions [156-158].

2.3.3 THE EGFR PATHWAY

EGFR is a member of the ErtbB/HER family transmembrane receptor tyrosine kinases. Included
within this family are three other members: ErbB2/HER2, ErbB3/HER3, and ErbB4/HERA4.
These receptor types are involved in gross physiological changes related to cell proliferation,
differentiation, migration, and survival [159]. Often ErbB family members are implicated in
cancer, be it through their over expression, gene amplification, or mutation resulting in
overactivity [160]. EGFR is activated by multiple ligands, yet EGF is often found to be of focus
in carcinogenic processes [161]. Upon binding, a large signal transduction cascade is triggered,
often including Ras/Raf/MAPK pathways, PI3K/Akt pathways, and JAK/STAT3 pathways [161,
162]. This cascade can lead to gross metabolic changes within a cell. The EGF/EGFR complex
formed following binding is also able to translocate to the nucleus and function as a transcription

factor. Often targeted is the CCND1 gene involved in S-phase cell cycle progression [131].

In HNSCC, 10-30% of cancers display EGFR gene amplification, with 42% displaying the
mutant phenotype, EGFRVIII [163, 164]. These altered profiles often result in a significant
overexpression of EGFR, which has been routinely linked to a poor prognosis in multiple cancer
types including HNSCC and lung cancer. Because of this, EGFR is frequently utilized as a
prognostic biomarker [160, 164].
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FIG. 2.2 Summary of EGFR and PIK3CA pathways in HNSCC.

Activation of EGFR or MET results in a signal cascade through interconnected pathways
including PI3K and mTOR, RAS, and JAK. Pathway activation ultimately leads CCND1
activation and progression through the G1 checkpoint. PI3K is inhibited by PTEN resulting in

cell cycle arrest. MKI67 indicates a marker for cell proliferation.

2.3.4 HNSCC STEM CELLS

While still a contested theory, evidence is quickly accumulating regarding the formation of
cancer stem cells as an explanation regarding chemoradiotherapy resistance, self-initiation, and
propagation of various cancers. The theory describes the heterogeneous nature of tumors with
rapidly replicating cells surrounding a small subpopulation of cells capable of initiating and
propagating tumorigenesis [165]. These cancer stem cells are often located in hypoxic regions of
tumors and are often slowly dividing or senescent, implicating them in therapeutic resistance and
recurrence [166]. Resistance mechanisms are described in further detail in Section 2.4. As
research into cancer stem cells continues, biomarkers of proposed stem cells are being identified.

Two prominently featured biomarkers in HNSCC literature are CD44 and ALDH1A1.
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CD44 and its isoforms are transmembrane glycoprotein receptors for hyaluronic acid (HA),
extracellular matrix components, and act as cofactors for multiple growth factors and cytokines
[167]. This diverse set of interactions has resulted in CD44’s involvement in multiple cellular
processes; of which include cell adhesion and migration [168]. CD44’s role in cancer is that of a
cancer stem cell receptor, mediating cell-cell and cell-matrix interactions necessary for
malignancy. CD44 expression in HNSCC is one of the first and most reliable stem cell
biomarkers for determination of cancer aggressiveness, with higher expression in primary tumor
samples to be positively correlated with cancer recurrence [169, 170]. Evidence of CD44’s role
in malignancy was demonstrated following the blockage of HA binding in a melanoma model of
liver metastasis. HA blockage significantly reduced epithelial to mesenchymal transition (EMT)
as well as metastasis formation [171]. Animal models utilizing HNSCC xenografts have also
shown CD44+ cells to be sufficient to initiate tumorigenesis as well as display self-renewal
properties following serial passaging [170]. These self-renewal properties may be a result of
interactions with several pathway molecules associated with cell cycle progression including the
differential expression of BMI-I (discussed in further detail in 2.3.5) as well as complex
formation and enhancement of EGFR, leading to signal cascades associated with tumor
mitigation downstream of EGFR such as Ras, RhoA, and PI3K [170, 172, 173]. However, CD44
expression as a biomarker alone is not sufficient to identify cancer stem cells. Frequently CD44
expression is seen in both benign and normal epithelia of the head and neck in addition to

malignant tissue thereby requiring an additional marker to be paired [174].

Frequently implicated as a HNSCC stem cell marker is ALDH, specifically isoform ALDH1A1,
an enzyme involved in the conversion of retinol to retinoic acid [165, 175]. Its expression in
HNSCC has been associated with stem cell-like properties, including tumorigenicity,
chemoradiotherapy resistance, as well as mediating a role in the EMT of cells [176]. When co-
expressed with CD44 in immunodeficient mice, cells additionally displayed self-renewal
properties and increased BMI-1 expression [177]. While the overall mechanism behind
ALDHI1AT1’s role in cancer is unclear, signaling pathways involving retinoic acid and retinoid
derivatives are theorized to be the primary means of developing tumorigenic and self-renewing
properties characterized by cancer stem cells [178]. Retinoid signaling pathways are responsible
for many cellular processes including the regulation of gene expression for multiple genes

22



associated with morphogenesis and development, including ¢c-MYC, RARS, and CCNDI1 [178-
181]. A genetic positive feedback loop is also created as a result retinoid pathway products,
stimulating the expression of ALDHI and allowing further catalysis of retinoic acid. This
positive feedback loop is the primary theory behind chemoradiotherapy resistance, as ALDH’s
primary function is the breakdown of potentially harmful aldehydes, like cyclophosphamide-
based chemotherapeutics, within the cytosol [182, 183].

Promising biomarkers for HNSCC cancer stem cells are being identified quite frequently, often
with aberrant expression in various other cancer types outside of HNSCC. Studies utilizing oral
HNSCC observed CD133 expression to develop chemotherapeutic resistance to cisplatin and
CDI10 to develop resistance to both cisplatin and radiotherapy. Suppression of either CD10 or
CD133 saw a reduction in these resistance mechanisms [184, 185]. Cancer stem cells also
utilized regular stem cell pathways to preserve stemness and avoid apoptosis, allowing for
tumorigenesis. Therefore, proteins such as Oct-4, Nanog, and Notch are frequently associated
with cancer stem cells as they all play roles in regulation of cell pleuripotency, differentiation,
and self-renewal [186-189]. Aberrant expression of these proteins has also been correlated with
resistance mechanisms in HNSCC as well as mediation of EMT in hepatocellular carcinoma
[190, 191]. Dysregulated expression of Notch is present in HPV-positive cervical tumors despite
the better prognosis associated with HPV status [116, 192]. As theorized by Swanson and
colleagues in their review, the primary mechanism behind aberrant Notch expression is due to
p53 suppression by HPV oncoprotein E6. Typically p53 inhibits the Notch pathway, but
becomes activated upon infection with HPV and increases the likelihood of cancer stem cell

propagation and malignancy [186, 193].

2.3.5 DNA METHYLATION

The most well documented epigenetic event occurs directly at the level of DNA, with 5’
methylation of CpG residues, primarily at gene promoter regions. In OPSCC, distinct host
methylation profiles can be witnessed in HPV-positive cancers when compared to HPV-negative

cancers [126, 194]. This distinction has been described as nearing 3 times as much differentiation
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in methylation profiles between HPV-positive and HPV-negative disease when compared to
adjacent somatic cells [195]. HPV-positive cancers have shown higher levels of methylation in
specific regions of the genome (promoters, genic, and LINE-1), while HPV-negative cancers
show a much higher degree of genome-wide hypomethylation. This evidence suggests HPV-
negative cancers to be far less genomically stable relative to their HPV-positive counterparts.
This genomic instability, in turn, leads to widespread deregulation of cellular processes

characteristic of aggressive tumors [23, 126, 196].

One potential mechanism to account for the altered DNA methylation profiles is through DNMT
dysregulation. HPV-positive HNSCCs have shown increased expression in DNMTI and
DNMT3a, a pattern also shared by cervical cancers. This suggests a common mechanism of
carcinogenesis by HPV [126, 197, 198]. This process is known to occur through HPV viral
oncoproteins E6 and E7. As mentioned previously, HPV E6 causes the inhibition of p53.
Anayannis and colleagues suggested this inhibition allows for the overexpression of DNMT1 by
activation of transcription factor Sp1 [34, 199-201]. The more notable interaction is seen by HPV
E7 as it has been shown to directly interact with the tumor suppressor Rb, allowing the release of
E2F from its protein complex to promote the transcription of DNMT1 [202]. E7 has also been
shown to directly interact with DNMT1 in vitro; however, functional implications require further

investigation [203].

Low expression of CDKN24 is seen in HPV-negative cancers, while high expression is found in
HPV-associated disease [204]. Schlecht and colleagues has identified 4 CDKN2A loci
downstream of the pl6INK4A and pl4ARF transcription start sites that are frequently
hypermethylated in HPV-positive OPSCC, suggesting an additional mechanism of pl6
overexpression in HPV-positive OPSCC. Their study also identified multiple Sp1 binding sites
within the CDKN2A locus, further supporting the role of Sp1 in carcinogenesis [197].

The oncogene FOXM1 has been found to have aberrant expression in multiple cancers including
esophageal SCC [12, 24]. Teh and colleagues (2009) first identified FOXMI role in the
regulation of HELLS, a SNF2/helicase involved in DNA methylation, and later performed a
knockdown experiment. Their research showed upregulation of FOXM1 to emulate a comparable

methylation pattern as head and neck SCC, suppressing the tumor suppressor gene CDKN24 via
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hypermethylation [24, 205]. They later performed a knockdown of HELLS that restored
CDKN24 mRNA expression and downregulated DNMT1 and DNMT3b expression [22]. This
evidence makes FOXM1 a good candidate as a potential biomarker in early cancer screening,

prognostic, or potentially future chemotherapeutic target.

2.3.6 HISTONE MODIFICATION

Polycomb group (PcG) and trithorax (trxG) genes are believed to serve in the preservation and
maintenance of gene expression programs that control cellular differentiation in tissues of
complex organisms, with roles as gene repressors and activators, respectively [206]. Mutations
of PcG these genes in vertebrates results in altered body plan development, suggesting a role in
homoeotic gene regulation; however, PcG genes have shown roles in multiple cellular processes
outside of differentiation including, chromosome X-inactivation, cell fate, and cell senescence
[207-210]. PcG proteins have been found to form two chromatin-associating complexes: the
Polycomb Repressive Complex 1 (PRC1) and the Polycomb Repressive Complex 2 (PRC2)
[211].

B-cell-specific Moloney murine leukemia virus integration site 1 (BMI1) is a central component
of the PRC1 and its overexpression has been highly associated with carcinogenesis. BMI1
functions by stabilizing H3K27me3 through the monoquitinylation of histone H2A at lysine 119
(H2AK119ubl) and in doing so prevents the initiation of transcription via prohibition of Pol II
occupancy at the tagged site [212-214]. Huber and colleagues have shown BMI1 expression to
play a potential role as a significant prognostic biomarker of OPSCC, as its aberrant expression
in conjunction with pl6INK4A silencing is negatively correlated with recurrence-free survival in

OPSCC [212].

A novel study by Biron and colleagues had shown the differences in histone methylation profiles
in OPSCC based on HPV status. Observed were overall increased levels of monomethylated
histone H4 at lysine 20 (H4K20mel) and reduced levels of H4 trimethylated lysine 20
(H4K20me3) in HPV-positive cancers, while HPV-negative tumors had reduced levels of
H4K20mel and H3K27me3 with increased levels of H4K20me3 [215]. Histone H4 methylation
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is catalyzed by multiple HMT’s including SETDS, SUV4-20H1, and SUV4-20H2. [216-219].
The role of H4 methylation in multicellular organisms appears to be that of development and cell
viability, with knockout studies in Setd8 producing embryos that do not exceed the 8-cell stage
of their development [220]. While no formal information regarding SETDS, SUV4-20H1, and
SUV4-20H2’s role in OPSCC is published at time of writing, the evidence brought forth by

Biron and colleagues study would suggest their potential role as an OPSCC biomarker.

2.3.6.1 EZH2

A recurring histone modifier in cancer literature as well as the primary focus of this study is
histone methyltransferase EZH2, a catalytic subunit within the PRC2. EZH2 catalyzes the
trimethylation of lysine 27 on histone 3 (H3K27me3) and, with the aid of PRCI1, appears to
regulate transcriptional processes involved with cell proliferation and cell-cycle progression
[221]. EZH2’s catalytic activity requires the presence of at least two other subunits of the PRC2:
embryonic ectoderm development (EED) and suppressor of zeste 12 (SUZ12) [222-224]. Two
additional subunits, the histone-binding protein RbAP46/48 and the Zinc finger protein AEBP2
together further activate EZH2’s catalytic activity [225]. The catalytic subunit of the PRC2 is not
limited to EZH2 alone. EZH1, a paralog of EZH2, has been shown to control several overlapping
target genes of EZH2 but does so without the cofactor S-adenosyl methionine (SAM), albeit
weakly [226]. Expression differences between catalytic proteins may provide explanations as to
their roles in maintaining the epigenome. EZH1 expression is often found in dividing or
differentiating cells and tissues, whereas EZH2 is primarily expressed in proliferating tissues
[226, 227]. Purposed by Volkel and collegues (2015), the mechanistic and expressional
differences between PRC2 complexes suggest EZH1 may be partly responsible for the
restoration of H3K27me3 profile following demethylation or histone exchange activity, while

EZH?2 is responsible for the establishment of H3K27me3 repressive marks [228].

Dysregulated EZH2 expression is often correlated with a malignant phenotype [228]. The
overexpression of EZH2 is typically found in solid tumors; yet, activating or inactivating

mutations are commonly found in hematologic malignancies and pediatric gliomas [229-231].
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Solid tumors displaying overexpression of EZH2 are frequently found to display an increased
malignancy potential and poor clinical prognosis, with its implication in aggressive HPV-
positive OPSCC variants as well [132, 133, 228]. HPV status and EZH2 overexpression are
closely related, as EZH?2 is a downstream target of E7 via the release of transcription factor E2F
from Rb [232]. As expected, HPV-positive OPSCC have increased levels of H3K27me3 [42]. As
proposed by Holland et. al. (2008), p53 suppression via E6 may also provide a mechanism for
EZH2 overexpression, with EZH2 promotor repression being a direct result of p53 activation

[232, 233].

Although the Rb-E2F pathway is frequently implicated in many tumors outside of HNSCC
including breast, bladder, and lung cancers, the overexpression of EZH2 may be the result of
several different transcriptional signals [227, 234, 235]. ELK1 and its related pathway, which has
commonly been associated with many cancers, has been found to be responsible for EZH2
overexpression in HER2-overexpressing and the triple-negative (estrogen receptor-negative,
progesterone receptor-negative, and HER2-negative) breast cancers [236]. Transcription factors
MYC and ETS have also been shown to directly induce transcription of EZH2 in prostate
cancers, while NF-YA, STAT3, ANCCA/ATAD2, EWS/FLI1, and mutant BRAF (V600E) have
all been shown to regulate EZH2 expression in various other cancers including ovarian,
colorectal, breast, sarcoma, and melanoma (respectively); however, their mechanism of
regulation has yet to be determined [228, 237-242]. Another interesting regulator of EZH2 is
through a hypoxic tumor microenvironment (described in further detail within Section 2.4.2),
specifically through transcription factor HIF1a, which binds and activates a specific sequence

found within the EZH2 promoter to enhance tumor proliferation [243].

Commonly documented EZH2 mutations associated with cancer can be located within the
catalytic C-terminal SET domain (residues 520-746), responsible for the H3K27
methyltransferase function [228, 244]. Frequently seen in lymphomas is the Y641F mutant, a
tyrosine replacement within the SET domain that results in EZH2 overactivation [229]. When
utilized in a mouse model, lymphocytes containing the Y641F mutants when combined with Ep-
Myc expression displayed increased H3K27me3 in spleen cells [245]. Comparable mutations

within the SET domain, like EZH2-A677 and EZH2-A687, are also frequently seen in
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lymphomas and share this hypermethylation at H3K27 [246-248]. Loss of function mutations
can also present with malignancy in myeloid disorders, namely pediatric cancers, with EZH2
deletions enough to instigate myelodysplastic syndrome in a mouse model [249-251]. These
results would suggest the potential role of EZH2 as a tumor suppressor, in addition to its known

role as an oncogene.

Within normal cells, EZH2 has been shown to regulate transcriptional activity via promotor
silencing of multiple genes, including those responsible for morphogenesis [252] and cell fate
responses following DNA damage. [253]. Aberrant EZH2 activity resulting in silencing of genes
within the latter category, as well as related tumor suppressor genes, is generally accepted to be
the primary mechanism of oncogenesis by EZH2 [254, 255]. Known tumor suppressor target
genes of note include CDKNIA, CDKN2A, CDKN2B, TP53, RARp, Rassfla and PTEN [256-
261]. However, PRC2-mediated gene regulation appears to be widespread across the genome,
with H3K27me3 associated with the majority of non-transcribed CpG islands [262]. This in
theory could place PRC2 involvement in both an oncogenic or tumor suppressive role, depending
on which genes are being silenced. Studies have confirmed this dual role theory of PRC2 in

cancers, with PRC2 activation displaying anti-tumorigenic properties [263, 264].

EZH?2 appears to have a specific role in gene regulation. The histone H1 protein, has been shown
to be a key factor in the preferential binding of EZH?2 to specific substrates [265]. An additional
method of targeted gene regulation by EZH2 may be through its association with DNMTs.
Within the PRC2 complex, EZH2 has shown to directly associate with DNMT1, DNMT3a, and
DNMT3b in vivo [266]. It should also be noted that PRC1 is able to recruit and bind DMNT1
and DNMT3b as well [267]. Further support for this is seen through the use of chromatin
immunoprecipitation and bisulfite sequencing analysis, where binding activity of DNMTs to
EZH2-repressed gene promoters is dependent on the presence of EZH2 [266]. However, while
EZH2 has been shown to recruit DNMT3a in vivo, the de novo functionality of DNMT3a is not

directly activated by this process [268].

There are several modifications that can regulate EZH2 function within the PRC2 complex,
which suggest EZH2 acts mainly through gene silencing mechanisms . AKT1, a serine/threonine

kinase that plays a key role in several signalling pathways, has been shown to phosphorylate
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EZH2 at serine 21 [269-271]. This modification results in EZH2’s conversion from gene silencer
to activator. This modification in castration-resistant prostate cancers as well as glioblastomas
does not require the other PRC2 subunits to utilize EZH2 methyltransferase activities [269, 270].
S21 phosphorylation studies suggests EZH?2 interacts with androgen receptors in castration-
resistant prostate cancers to interact with multiple target genes and enhancement of transcription
factor STAT3 via lysine 180 trimethylation in glioblastoma [269, 270]. Several EZH2 threonine
residues have also demonstrated phosphorylation; however, depending on which location the
modification is located, its effect on EZH2 activity can vary dramatically. CDK1 and CDK2
have been found to phosphorylate these EZH2 threonine residues at T350 and T492, with T350
phosphorylation promoting EZH2 recruitment at chromatin through interaction with IncRNAs,
namely HOTAIR (HOTAIR discussed in further detail in Section 2.3.7) [272-274]. Gene
regulation by EZH2 may also be through coordination with IncRNAs, as recent findings found
that PcG proteins work with non-coding RNAs to silence target genes [258, 275, 276]. T492
phosphorylation, in turn, disrupts EZH2 interaction with other PRC2 subunits and resulting in
the disruption of methyltransferase activity [274]. Interestingly, an additional study by Wu and
Zhang (2011) demonstrated phosphorylated EZH2 at residues T350 and T492 demonstrated a
much shorter half-life relative to unmodified EZH2 [277]. This would suggest a potential method
of cell cycle regulation via CDK1-mediated EZH2 phosphorylation.

EZH2 is thought to have enzymatic activity independent of the other PRC2 subunits. In breast
cancers, EZH?2 acts as a transcriptional activator of several different target proteins that vary
depending on cell type [228]. In estrogen receptor positive MCF-7 cells, EZH2 binds to the
estrogen receptor o and B-catenin to functionally enhance Wnt signalling pathways [278]. The
downstream targets of this complex include the transcription of CCNDI as well as MYC,
phenotypically promoting cell cycle progression [278]. In colon cancers, EZH2 couples with -
catenin to form the PAF-EZH2-B-catenin complex to activate Wnt target genes [279]. Estrogen
receptor-negative MDA-MB-231 breast cancer cells display EZH?2 interactions with RELA and
RELB to activate NF-kB target genes, including 7NF and /L6 [280]. This dynamic nature of
EZH2 suggests its highly complex nature, with both the potential to transcriptionally regulate
genes independently of the PRC2 as well within the PRC2 via its methyltransferase activity.
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2.3.7 SMALL AND NON-CODING RNA

Our current knowledge of the ncRNAs role in carcinogenesis is relatively limited, largely due to
the novelty of the molecules discovery. For the purposes of this section, the field of study will be
expanded slightly to include ncRNAs implicated in other head and neck cancers, in addition to

those found in OPSCC.

HPYV status in HNSCC is associated with distinct epigenetic profiles and clinical outcomes. A
comparison of epigenetic distinctions in HPV-positive and HPV-negative cancers is well
outlined in a review by Lajer and colleagues, who compared epigenetic profiles of HPV-positive
cervical and head and neck cancers. Their study identified a significant overlap in several miR
clusters. These included miR-15a, miR-16, miR-195, miR-497 family, miR-143, miR-145 and
the miR-106-363 cluster [281].

Sethi and colleagues (2014) outlined a comprehensive list of multiple miRs with aberrant
expression patterns in head and neck cancers in addition to those mentioned by Lajer and
colleagues. When comparing HPV-positive to HPV-negative OPSCC miR-150, miR-146 family,
Let-7 family, miR-625, miR-155, miR-15 family, miR-29a, miR-125 family, miR-26b, miR-342-
3p, miR-768-3p, miR-34a, miR-596, miR-598, miR-33, miR-9 were found to be upregulated.
miR-223, miR-31, miR-193b, miR-1180, miR-99 family, miR-877, miR-744, miR-423-5p, miR-
324-5p, miR-1275, miR-200c, miR-517, miR-101, miR-409 family, miR-126, miR-1201, miR-
199b-5p, miR-381, miR-433, miR-432, miR-379, miR-127-3p were downregulated in addition to
those described above [282]. This draws the conclusion of distinct miR expression as a result of
HPV-associated disease. This concept is further enforced by the direct interaction of some miRs,

such as miR-15 and miR-16, with viral E6 and E7 [283].

In addition to those described above, several aberrant patterns were described when OPSCCs
were compared to normal tissues. These included several from the miR-106b-25 cluster, miR-
193a, Let7i, several from the miR-17-92 cluster, miR-27a, miR-142-3, miR-210, miR-29 family,
miR-130b, miR-205, miR-422b, miR-23b, miR-142-3p, miR-146¢, miR-181 family, miR-491,
miR-455, miR-130b, miR-221, miR-7083, miR-7, miR-34b, miR-182, miR-185, miR-93, Let-7
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family, miR-107, miR-103, miR-221 were upregulated. miR-7029, miR-23b, miR-140-3p, miR-
375, miR-494, miR-205, miR-133a, miR-1, Let-7 family, miR-26a, miR-127, miR-365, miR-
30c, miR-100, miR-140, miR-10a, miR-375 appeared to be downregulated [282]. A systematic
meta-analysis performed by Jamali and colleagues showed frequent overlap of results to those
found by Sethi and colleagues [282, 284]. Of these miRs, four were directly implicated in
OPSCC: miR-363, miR-210, Let-7d, and miR375 [284].

Several miRs indicated above have been associated in multiple cancer variants. Some have
greater potential as prognostic biomarkers due to their targeting tumor suppressor genes or key
tumor suppressor proteins. Those that have the greatest potential include the miR-17-92 and
miR-106b-25 clusters, shown to target c-MYC and p21, respectively [285, 286]. Individual miRs
include upregulated levels of miR-21, miR-205, and miR-181; with miR-21 and miR-205
targeting PTEN and miR-181 targeting TCL-1 [287-289]. Downregulated levels of Let-7 have
also been shown to target RAS [97].

One miR not acknowledged in literature, but which provides great interest, is miR-101. The
aberrant downregulation of miR-101 has been involved in multiple cancers and has shown to
mediate the overexpression of EZH2 [290, 291]. The restoration of miR-101 via DNMT3a
inhibition has also been shown to suppress lung tumorigenesis [291]. As seen with both
DNMT3a and EZH2 overexpression in HPV-positive OPSCC, miR-101 may have a direct role in

carcinogenesis [34].

Of the ncRNAs present within head and neck cancer literature, IncRNAs mirror the scarcity of
miR counterparts. However, one IncRNA in particular, HOTAIR, has shown great promise as a
biomarker. HOTAIR is a non-coding RNA transcript of 2.2 kb transcribed from the HOXC locus
to transcriptionally silence HOXD [292, 293]. Interactions of HOTAIR have shown the
5'domain to bind to the PRC2 complex as well the 3'domain binding the histone demethylase
KDMG6A. These interactions potentially suggest methods of carcinogenesis, as its overexpression
has been demonstrated in multiple cancer types including esophageal, nasopharyngeal, breast,
pancreatic, and colorectal cancers [46, 292-300]. In addition, overexpression of HOTAIR has
been associated with an overall poor clinical prognosis, demonstrating increased lymph node

metastasis and resistance to apoptosis [158]. At the time of writing, HOTAIRs direct linkage to
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OPSCC has not been performed and requires further study. Other IncRNAs of interest are
FTH1P3, PDIA3F and GTF2IRD2PI1, as they have been associated with the progression and
metastasis of oral SCC via the targeting of multiple tumor regulator genes [301]. SOX20T

alternative splicing patterns and nc886 (pre-miR-886) have also shown potential roles in

esophageal cancers [302, 303].
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FIG. 2.3 Summary of epigenetic pathways involved in OPSCC.

Oncogenic human papillomavirus integrated into the human genome, resulting in the expression
of HPV-associated proteins E6 and E7. This results in alterations of p53, Rb and Polycomb
Repressive Complex 2 (shown here including EZH2, SUZ12, EED and RbAp46/48) related
pathways with downstream epigenetic deregulation in OPSCC. Overexpression of P16INK4a
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occurs as a result of loss of Rb and is used as clinical surrogate marker for HPV-positive
OPSCC. *FOXM1 and HOTAIR are presumed to have a role in OPSCC based on studies in
OCSCC. Image from [304]

2.4 CURRENT THERAPEUTIC MODALITES

The molecular characteristics of OPSCC are heterogeneous in nature and as a result there is a
great impact on clinical prognosis and interventional strategy. Two genes are frequently
implemented in tumor differentiation and clinical prognosis; 7P53, encoding for p53 and
CDKN24, encoding for pl6INK4A. Overall implications of these pathways in head and neck
cancers display approximately 80% p53 pathway aberrations, and nearly 94% CCNDI or
CDKNZ2A aberrations [305, 306]. Four molecular subtypes of HNSCC have been identified
through the advent of high throughput genetic technologies: the basal subtype, associated with
TP63 overexpression; classical subtype, with KEAPI and NFE2L2 mutations; mesenchymal,
with FGRI and FGR2 mutations; and atypical, described with frequent mutations in the PIK3CA
gene and HPV status [110, 305].

HPV status is an established prognostic factor in OPSCC, repeatedly showing higher survival
rates for HPV-positive patients relative to HPV-negative patients. Regardless of treatment
protocols utilized, HPV-positive tumors have shown a minimum of a 50% reduction in disease
progression and death due to cancer than HPV-negative patients [116, 307]. The improved rates
seen in HPV-positive patients have been attributed to multiple factors, including increased loco-
regional control, reduced rates of recurrence, and reduced rates of prognostic factors associated
with poor outcomes [116]. Improved survival outcomes following surgical resection have also
been shown in HPV-positive tumors [308]. Current practices in establishing HPV positivity is
through indirect measure of p16INK4A content in tumor histology. While still providing a high
degree of correlation, pl6 INK4A only plays a surrogate role for HPV status and its
overexpression may not always be present in a sample [148]. Fortunately, efforts are being made

to more accurately determine infection status. Of which includes the direct measure of HPV16
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E6 and E7 transcripts within an oral swab using droplet digital polymerase chain reaction

(ddPCR) [309].

Current therapeutic practices for treatment of HNSCC will vary on a case-to-case basis, with
TNM staging classification playing a significant role in treatment protocol. Treatments will often
utilize combination therapies including surgical intervention, radiotherapy, and chemotherapy

[310].

2.4.1 RADIATION THERAPY

Radiotherapy (RT) utilized in the treatment of HNSCC is most commonly in the form of 2-3
photon beam arrangements directed from a linear accelerator [310]. These arrangements are
aided through the use of volumetric imaging like 3D computed tomographic (CT)-based imaging
to avoid as much radiation exposure to surrounding normal tissues [310]. Fluctuations in
radiation intensity of treatment beams is also implemented to ensure lower doses to surrounding
tissue. Often CT-imaging techniques will be supplemented with magnetic resonance imaging
(MR]) for greater site detail. Standard radiation dose fractionation involves once daily treatment
ranging from 1.8 to 2 Gy 5 days a week for 6 weeks [310]. However multiple clinical trials have
deviated from this practice by utilizing altered fractionation schedules, including delivery twice a
day with a six-hour separation between doses, as well as treatments extending to 7 days per week
and combinations of the two [311-314]. These altered schedule changes have shown minor
benefit (3.4% survival benefit over 5 years), but significantly higher levels of acute toxicity
[315]. Acute effects of radiotherapy in HNSCC include increased inflammation and pain in the
target site, with significant weight loss being a secondary side effect of pain while eating or
swallowing. Mucosal imbalances in pH and increased mucosal viscosity can also occur, resulting
in an increased chance of infection and dysphagia [316]. Fortunately, the majority of these
effects are resolved within 12 weeks post treatment, with some chronic effects lingering post-
treatment. Chronic effects most commonly being xerostomia, or dryness of the mouth as a result
of reduced mucous production by salivary glands [317]. Future surgical practices have

demonstrated a method of resolving xerostomia post-radiotherapy. In a breakthrough technique
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developed by Seikaly and colleagues, surgical relocation of the submandibular gland outside of
the radiotherapy target site prior to radiotherapy has shown dramatic reduction in xerostomia

[318,319].

2.4.2 CHEMOTHERAPEUTICS FOR USE IN SOLID TUMORS

Synchronous treatment of combined radiotherapy and chemotherapy is generally favored over an
alternating modality as it is theoretically more favorable at combating accelerated repopulation
of tumor cells. This of course increases the risk of acute toxicity, but its implementation in
multiple clinical trials has demonstrated significant improvement in overall patient survival [320,

321].

5-fluorouracil (5-FU) has been utilized in conjunction with radiotherapy more frequently than
any other chemotherapeutic agent since its initial use in oral squamous cell carcinoma in 1976
[321, 322]. 5-FU has antitumoral effects through both DNA-directed and RNA-directed
mechanisms. Mechanistically 5-FU inhibits thymidalate synthase, a key enzyme in the early
stages of DNA biosynthesis, which ultimately leads to cell death through additive DNA damage
effects induced by radiotherapy once cells enter into S phase of their life cycle. Targeting cells in
S phase is also believed to be one of the primary mechanism of radiosensitization by 5-FU, as
cells in S phase frequently display radioresistant characteristics [323]. 5-FU is also shown to
incorporate into DNA and RNA in human tissues. This leads to DNA strand breaks mediated by
excision by uracil-DNA-glycosylase [324]. However, there is no apparent relationship between

antitumoral efficacy and incorporation [325].

Cisplatin and is an additional chemotherapeutic often used in combination with radiotherapy as it
has known radiosensitization properties [326]. Cisplatin’s antitumoral properties have shown to
occur through multiple mechanisms that are often enhanced through treatment with radiotherapy.
These include the formation of toxic platinum intermediates that enhance oxidative stress [327],
increased platinum uptake by cells [328], as well as inhibition of DNA repair mechanisms [329].
Its best-known interaction is through the formation of covalent bonds with purine DNA bases

and its platinum compound, resulting in disruptions during the synthesis phases of a cells life
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cycle [330, 331]. This covalent interaction is believed the primary mechanism behind its
cytotoxic side effects [332], including nephrotoxcicity [333], hepatotoxicity [334, 335], and
cardiotoxicity [336]. Both tumor resistance and these severe side effects have spurred the
synthesis of multiple platinum-based analogs. Of the thousands developed, approximately 13 are
currently at the stage of clinical trials [337]. One analog in particular, carboplatin, is gaining
ground as a superior alternative chemotherapeutic for use in ovarian cancer, lung, and HNSCC’s
[337]. The clearest benefit to carboplatin is its reduced side effects, in particular its non-
nephrotoxic side effects, as well as its increased retention half-life. Unfortunately, this comes at a

cost of decreased potency relative to cisplatin, and myelo-suppressive effects [338].

One of the largest hurdles in the development and implementation of chemotherapeutics for solid
tumors is the ability of the agent to be specifically target and penetrate tumor cells. If anticancer
drugs are unable to access regenerative cells within the tumor core (such as cancer stem cells), a
drugs efficacy is severely limited [339]. For a chemotherapeutic to be curative, it must be able to
access and destroy every cancer cell, as the survival of one regenerative cell is sufficient for
tumor recurrence [340]. This need for penetrative effect is also exemplified by the physiology of
solid tumors. Often there will be poor vasculature organization surrounding tumors, which would
naturally limit drug delivery to tumor cores. Poor vasculature also results in hypoxic tumor cores,
often seen by increased metabolic product accumulation such as lactic and carbonic acid [341,
342]. These hypoxic regions have shown evidence of resistance to radiotherapy and are capable
of repopulating following radiotherapy [339]. Anticancer drugs are potentially affected by these
hypoxic regions, as conventional chemotherapies target rapidly dividing cells and hypoxic cells
are generally less metabolically active, displaying low to no proliferation [343, 344]. Resistance
mechanisms are not limited to hypoxia as genetic mutation and epigenetic variation are
associated with resistant phenotypes [3, 339]. For these reasons, targeted therapies designed to

sensitize resistant tumor cells to chemoradiotherapies are readily sought after.

There are several targeted therapies currently in the clinical trial stages for use in HNSCC. The
majority of these inhibitors target pathways discussed earlier in section 2.3. These include, but
are not limited to: VEGF, EGFR, PI3K, mTOR, AKT, c-Met, ATR, and PARP inhibitors [321].
The most widely studied of these targeted therapies are inhibitors of EGFR which are currently
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in phase II and III clinical trails (gefitinib and cetuximab, respectively) for combined use with
surgery and radiotherapy in HNSCC, but are now commonly used in clinical practice [345, 346].
EGFR inhibitors are separated into two classes: monoclonal antibodies (eg. cetuximab) and small
molecule inhibitors (eg. gefitinib) with both displaying radiosensitization potential comparable to
that of current antitumoral agents. EGFR inhibitors are thought to reduce systemic toxicities
typically associated with agents like 5-FU or cisplatin [310, 345, 346]. However, one phase II
trial utilizing cetuximab contradicts this claim, displaying higher acute toxicity rates relative to
cisplatin in their cetuximab treatment arm [347]. Current trials are looking at the curative

potential of combined EGFR inhibitors with other antitumoral agents [310].

2.4.3 STAGING AND INTERVENTION

The American Joint Committee on Cancer (AJCC) TNM staging classification is currently the
accepted standard in defining tumor extent and progression. This system is anatomically based
and is important for assessing prognosis, planning treatment, and evaluating treatment outcomes
Categories are utilized to create anatomic stage groups (I to IV) that stratify for survival outcome

[348].

The TNM prognostic staging system implemented by the AJCC remains controversial with its
utilization on head and neck cancer patients. An analysis conducted by Ang and colleagues
(2010) demonstrated tumor HPV status and smoking history were more reliable with regard to
determining patient prognosis than AJCC TNM staging practices utilized [349]. This was further
confirmed by retrospective analyses performed by Dahlstrom and colleagues (2013) and Huang
and colleagues (2015) demonstrating TNM staging to be inaccurate in determining head and

neck cancer patient survival and outcomes [350, 351].

Extracapsular extension (ECE) is a well-known marker for overall poor prognosis in surgical
resection patients; including loco-regional recurrence, distant metastases, and reduced survival in
head and neck cancers [116]. Current treatment protocols largely dictate the use of adjuvant-
based cisplatin chemotherapeutics in conjunction with surgical resection. Adjuvant-based

cisplatin therapies have proved to be more effective than radiotherapy in patients with high-risk
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features such as ECE [352]. However, current practices do not account for gross tumor

heterogeneity associated with head and neck cancer, namely HPV status [353].

Revised AJCC TNM staging classifications for HNSCC were developed and global
implementation began January 2017. While not limited to head and neck cancers, the most
dramatic changes were seen in the clinical staging of OPSCC. The use of pl6
immunohistochemistry, the surrogate marker of HPV status, from a tumor sample is utilized to
allow for not only more accurate staging, but determination of less invasive therapeutic

interventions [354].

2.4.4 CURRENT AND FUTURE EPIGENETIC CHEMOTHERAPEUTICS

Aberrant events within the epigenome are suggested to occur more readily than structural gene
modification through mutation. Given the reversible nature of epigenetic modifications, they
have become an attractive target for cancer prevention and therapeutic intervention [4, 26, 355].
Epigenetic chemotherapeutics currently in use are classified into two primary classes; HDAC
inhibitors and DNMT inhibitors [4, 355]. These classes are likely to expand as our knowledge of
epigenetics advances and further chemotherapeutics are developed and tested. There are
currently five USFDA-approved epigenetic chemotherapeutics on the market. Two are DNMT
inhibitors; S5-acactidine (Vidaza) and 5-aza-2’-deoxycitidine (Decitabine). Three are HDAC
inhibitors; suberoylanilide hydroxamic acid (Vorinostat), F-228 (Romidepsin), and LAQ-824
(Farydak) [4, 355-358]. Current epigenetic chemotherapeutics in clinical trials or approved by
the USFDA are summarized in Table 2.

Both DMNT inhibitors, Vidaza and Decitabine, are the only epidrugs that have been approved
for the treatment of patients with acute myeloid leukemia and myelodyplastic syndrome [359].
Vidaza and Decitabine are nucleoside analogs of cytosine modified in position 5 of their
pyrimidine ring [360]. Upon exposure, Vizdaza is incorporated into RNA and Decitabine is
incorporated into DNA where they disrupt interactions between DNMTs and DNA. During this
process, a covalent bond is formed with DNMT, triggering a DNA damage signal and targeting
the DNMT for degradation [361, 362]. When utilized in clinical practice, their applicability
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encountered major limitations. These are characterized by poor bioavailability, poor activity with
solid tumors, severe toxic effects, instability in physiological media, and gross non-specific
changes to the epigenome of both normal and cancer cells [363, 364]. Fortunately, several new
specific inhibitors are under development. Of these are MG98, small molecule RG108,
nucleoside analog Zebularine, and arsenic trioxide. These inhibitors have shown increased
specificity, chemical stability, increased bioavailability, and lower cytotoxic effects relative to

their older counterparts [363, 365-369].

HDAC inhibitors are regularly divided into four separate groups based on their chemical
structure. These are hydroximates, aliphatic acids, cyclic peptides, and benzamides. Within the
hydroximate class are two USFDA approved agents, Vorinostat and the newly approved
Farydak, as well as JNJ-26481585 (Quisinostat) currently in clinical trials [30, 355-358].
Aliphatic acids contain three agents currently in clinical trials; valproic acid, phenylbutyrate, and
Belinostat [355]. Cyclic peptides contain the USFDA approved Romidepsin and benzamides
contain three agents in the clinical trial stages; MS-275 (entinostat), MGCD-0103
(Mocetinostat), CI-994 [4, 355, 357]. The mechanisms of HDAC inhibitors are not fully
understood but are thought to alter gene expression via regulation at both epigenetic and post-
translational modification levels [370, 371]. Evidence also suggests HDAC inhibition may alter
tumor progression through the inhibition of tumor-mediated angiogenesis [371]. HDAC
inhibitors are well tolerated relative to other epigenetic chemotherapeutics. However, they still
display poor activity against solid tumors when utilized on their own. Suggested application to
combat these shortfalls is specific timing of administration in conjunction with current

chemotherapeutics [372-374].

The use of miRs as potential targets for chemotherapeutics is still in its infancy. Multiple studies
have shown the significant effects of upregulation and downregulation of specific miRs on
cancer. Of note is the study described in 1.3.1, describing miR-21s direct role in tumorigenesis
following upregulation and reduced tumor survival and progression following its downregulation

[101]. Formal usage as a chemotherapeutic epidrug is not present at time of writing.
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Histone methyltransferases undergoing current testing are not limited in number, but their
designed targets currently are. One histone methyltransferase inhibitor currently in the clinical
trial stage is EPZ-5676 (Pinometostat), an inhibitor of histone 3 lysine 79 methyltransferase
DOTIL [375]. While still requiring further study for conclusive data, initial studies suggest its
efficacy and tolerance in leukemias [375]. The majority of histone methyltransferase inhibitors
currently available target EZH2, most likely due to the enzymes continued role as a molecular
target and biomarker in multiple cancers. Of these include UNC1999, ZLD1039 and PF-
06726304 acetate, small molecule inhibitors of EZH2 [376-379]. Our study focuses on three
histone methyltransferase inhibitors of EZH2 all of which are currently in the preclinical stage of

development: GSK-343, DZNeP, and EPZ-5687.

2.4.4.1 GSK-343

GSK-343 is a highly potent and selective small molecule inhibitor of EZH2 that functions
through the competitive binding of EZH2 with cofactor SAM. The selectivity over other SAM-
utilizing molecules is over 1000-fold, with exception of enhancer of zeste homolog 1 (EZH1) at
60-fold selectivity due to EZH1’s high degree of homology to EZH2 [380]. The mechanism
behind the differences in EZH1 and EZH2 selectivity are currently unknown at time of writing
[380]. While the studies investigating this inhibitor are few, GSK-343 has shown promising
results in its ability to variably alter epigenetic profiles as well as phenotypic expression in
multiple cancer types. Sato and colleagues have demonstrated significant gene expressional
changes following treatment while maintaining a high degree of gene expressional selectivity
relative to other investigated inhibitors in breast, colon, and leukemia cell lines [381]. When
utilized in hepatocellular carcinomas GSK-343 had also induced autophagy [382]. The most
convincing evidence of GSK-343’s potential as a chemotherapeutic agent was in a study
performed by Ding and colleagues [383]. Their study had observed the phenotypic
reprogramming of cervical cancer cell lines following treatment with GSK-343 both in vitro and
in vivo. Cells had displayed reduced cell proliferation and motility theorized to be a result of E-
cadherin induced tumor suppression, as cell lines displayed a mesenchymal phenotype to

epithelial in the form of increased E-cadherin levels and decreased N-cadherin and vimentin post
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treatment [383]. In essence, treatment with GSK-343 had reversed EMT, a key development

process during cancer cell invasion and metastasis [383, 384].

2.4.4.2 DZNeP

With its reported discovery in 1986, DZNeP is one of the first known inhibitors of EZH2 and
was originally theorized for potential use as both an antitumoral and antiviral agent. DZNeP is a
highly potent small-molecule inhibitor of S-adenosylhomocysteine-hydrolase (SAH-hydrolase),
a key enzyme in the methionine cycle, and was found to have a greater than 250-fold binding
efficacy to its leading competitor, 3-deazaaristeromycin [385]. While historically documented as
an EZH2-specific inhibitor, a study performed by Miranda and colleagues had solidified
DZNeP’s mechanism of inhibition to have global effects on multiple histone methyltransferases
rather than EZH2 specifically [386]. Further evidence provided by Tan and colleagues showed
only 140 out of 751 DZNep-activated genes appeared to be regulated by EZH2 [387]. The global
effects of DZNeP may account for its overall success since its discovery, as treatment with the
inhibitor has shown significant epigenetic, antiproliferative, and antiangiogenic effects in

multiple cancer types.

When treated alone, epigenetic changes were observed in glioblastoma stem cell lines in the
form of decreased c-myc expression, a molecule believed to be essential for glioblastoma stem
cell development [388]. When used as a single agent inhibitor, as well as combined with HER2
and HDAC inhibitors, DZNeP has shown antiproliferative and apoptotic activity in breast cancer,
with evidence of synergistic effects [389]. As a single agent in hepatocellular carcinoma,
DZNeP-treated cells showed impaired growth as well as a clear decrease in the number of tumor
initiating epithelial cell adhesion molecule-positive cells. This decrease in tumor initiating cells
was also significantly higher in DZNeP-treated cells relative to 5-FU, suggesting hepatocellular
carcinoma tumorgenicity to be dependent on pathways targeted by DZNeP [390]. Treatment in
malignant pleural mesothelioma cells displayed inhibited proliferation, migration, clonogenicity,
and tumorigenicity believed to be a result of the observed differential gene expression profiles

[391]. Comparable results were seen in both leukemia and prostate models, with induction of
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apoptosis in acute myeloid leukemia cells and a reduction in cancer stem cell markers in prostate

cancer cell lines [392, 393].

In vivo cancer models utilizing DZNeP are relatively limited in literature; however, in a
glioblastoma xenograft model treatment with DZNeP had also reduced tumor-mitigated
angiogenesis without significant toxic effects [394]. A prostate cancer model had also shown
reduced invasion and tumor size post treatment [393]. DZNeP’s toxicity profiles overall seem to
continue this trend, with DZNeP treatments being generally well tolerated at lower
concentrations [393, 395]. Unfortunately, DZNeP’s global histone methylation properties
combined with its relatively short half-life in vivo limit applicable dosages [386, 396].

2.4.4.3 EPZ-5687

EPZ-5687 is a SAM-competitive inhibitor of EZH2 with a >500-fold selectivity to EZH2 and a
>50-fold selectivity to EZH1 over other human protein methylases [397]. Like GSK-343, very
little has been published at time of writing. However, published results of EPZ-5687’s
utilization in cancers have shown promise. When utilized in synovial sarcoma, treatment with
EPZ-5687 was able to suppress cell migration and proliferation [398]. A non-Hodgkin’s
lymphoma model showed comparable results, with specified induction of apoptosis in Tyr641 or

Ala677 mutants over wild-type cells [397].

Table 2.1: Epigenetic regulators specific to OPSCC

Name Description Role in OPSCC Reference
Histone Modifying Protiens

EZH2 PRC2 protein subunit Hypermethylation of H3K27me3 [132]

BMI1 PRCI1 protein subunit Stabilization of H3K27me3 [212]
DNA Methylation

DNMTI1 DNA methyltrasferase Overexpression [126]

DNMT3A  DNA methyltrasferase Overexpression, de novo [126]
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methylation

ncRNAs*
miR-21 microRNA Overexpression [282]
miR-205 microRNA Overexpression [282]
miR-181 microRNA Overexpression [282]
miR-17-92  microRNA Overexpression [282]
cluster
miR-106b-  microRNA Overexpression [282]
25 cluster
miR-106- microRNA Overexpression [281, 282]

363 cluster
Let-7d microRNA Downregulation [282]

*compared to normal tissues, only miRs frequently associated with cancer diagnosis;, EZH2
Enhancer of zeste 2 polycomb repressive complex 2 subunit, DNMT DNA methyltransferase,
BMI1 B-cell-specific Moloney murine leukemia virus integration site 1

Table 2.2: Current and potential epigenetic chemotherapies

Chemotherapeutic Agent Status Target Reference
DNMT inhibitors

Arsenic trioxide Clinical Trials DNMTI1, [365, 366,

DNMT3a, and 399]
DNMT3b

5- azacytidine (Vidaza, Celgene) USFDA Approved DNMTI1 [4, 364]

5-aza-2'-deoxycytidine (Decitabine, USFDA Approved DNMT1 [4, 364]

Dacogen, SuperGen)

MG98 Clinical trials DNMT1 [367, 368]
HDAC inhibitor

LAQ-824 / LBH 589 (Farydak, USFDA Approved HDAC [355, 356]

Dacinostat, panobinostat)
PXD-101(Belinostat, Beleodaq) Clinical trials HDAC [355]
43



Valproic acid (Mg valproate) Clinical trials Class THDAC [355, 400]

suberoylanilide hydroxamic acid USFDA Approved  Class [ & 11 [4]

(vorinostat, SAHA) HDAC

FK-228 (FR901228, romidepsin) USFDA Approved  HDACI and (4]

HDAC2

Phenylbutyrate (4-sodium Clinical trials Class I & I [355,401]

phenylbutyrate) HDAC

MS-275 (entinostat) Clinical trials HDAC1 and  [355, 357]

HDAC 3

CI-994 Clinical trials Class HDAC [355]

MGCD-0103 (Mocetinostat) Clinical trials Class [ & IV [355]
HDAC

JNJ-26481585 (Quisinostat) Clinical trials Class THDAC [357, 358]

HMT inhibitor

EPZ-6438 (EPZ006438, Clinical trials EZH2 [402]

Tazemetostat)

DZNeP Preclinical HMT [386]

EPZ-5676 (Pinometostat) Clinical trials DOTIL [375]

EPZ-5687 (EPZ005687) Preclinical EZH2 [403]

GSK-126 Clinical Trials EZH2 [404]

GSK-343 Preclinical EZH?2 [403]

PF 06726304 acetate Preclinical EZH2 [378, 379]

UNC1999 Preclinical EZH2 & [376]
EZH1

Z1.D1039 Preclinical EZH?2 [377]

UNCO0638 Preclinical EMHT?2 [381]

CPI-1205 Clinical Trials EZH2 [405]

Ell Preclinical EZH2 [257]

USFDA United States Food and Drug Association
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2.4.5 PREVENTATIVE MEASURES

The rise of HPV-associated head and neck cancers remains a prevalent and very treatable
problem in modern society. Given HPV’s typical method of transmissibility mentioned in 2.2,
safe sex practices are an obvious recommendation. Outside of behavioral modifications,
preventative vaccinations like Gardasil are available to men and women ages 9-26.
Advertisement strategies for the vaccine have been largely targeted towards a female
demographic, with statistics reflecting this decision [406]. Previous Gardasil vaccines were
quadrivalent, protecting against HPV-6, 11, 16, and 18 [407]. The latest vaccine, Gardasil 9,
expands the protected serotypes to include HPV-31, 33, 45, 52, and 58 [408]. It is given
intramuscularly in a three-dose series of injections [407, 409]. Efficacy of the vaccine have been
reported as high as 98.2% against high-grade cervical lesions with related HPV serotypes and

reports of only non-serious adverse reactions (pain, swelling, and erythema) [407, 409]

Despite the staggering evidence suggesting efficacy and safety of the vaccine, the vaccination
rates in the United States are much lower than the advocated 80% coverage rates [410]. In a
study by Stokley and colleagues (2014), they found only 57.3% of girls ages 13-17 had one or
more doses in the vaccine series, 47.7% received two or more, and 37.6% received all three
doses [411]. These rates are lower in women ages 19-26, with 34.5% reporting received one or
more doses [412]. Reported barriers to the lack of receptiveness towards the vaccine are largely
due to both patient and parent refusal. The most prevalent objection described by parents was a
lack of knowledge regarding the vaccines safety and long-term effects. Parents had also felt a
risk of HPV contraction for their child is low and a vaccination is not warranted. In addition,
parents reported a lack of recommendation by their physician. Mature patients reported either a
lack of efficacy of the vaccine, not required due to a lack of sexual activity, or being in a

monogamous relationship [406].

While their role has lessened dramatically over the last decade, tobacco products play a
significant part in carcinogenesis. Tobacco smoke contains at least 60 known carcinogenic,
mutagenic, cytotoxic or antigenic compounds. Hydrocarbon compounds produced from tobacco
combustion have been shown to act as DNA adducts, interfering with DNA replication

mechanisms [413]. Smoke derivatives have also shown to upregulate antiapoptotic mechanisms
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and various transcription factors associated with carcinogenesis [414]. Damage to the epithelium
as well as decreased immune function have also shown tobacco smoke to promote infection by
various pathogens, including HPV [408]. Alcohol, more specifically the acetaldehyde metabolite,
has also shown cytotoxic, mutagenic, and carcinogenic properties as well. Acetaldehyde has
been shown to interfere with multiple enzymes involved in DNA synthesis and repair
mechanisms, DNA directly, as well as cellular metabolic proteins to cause both gross

chromosomal aberrations and morphological changes [415].

2.5 THESIS OBJECTIVES

HNSCC is the 6th most prevalent cancer worldwide with rates of HPV-positive OPSCC
dramatically increasing within developed world [107, 108]. The heterogenous nature of OPSCC
presents multiple hurdles to clinical treatment including drug penetration, hypoxia, angiogenesis,
and the likelihood of disease recurrence [416]. HPV positivity, while clinically given a better
prognosis, still requires patients undergo highly invasive surgical intervention often combined
with aggressive chemoradiotherapeutics [320, 321]. For these reasons, interventions with
increased accuracy, efficacy, and safety are a necessity to improve prognostic outcome and
potentially prevent unnecessary invasive interventions. EZH2 is the catalytic subunit of the
PRC2 complex responsible for H3K27me3. This H3K27me3 results in transcription repression
of a target gene through the aid of the PRC1 complex and effectively blocks transcriptional
machinery from binding [212-214]. EZH2 overexpression has been reported in multiple cancer
types, including HPV-positive variants, and is associated with a poor clinical prognosis [132,
133, 228]. EZH2 has known oncogenic and malignant properties, with its primary mechanism of
action to target and silence tumor suppressor expression. While EZH2’s physiological role may
be ambiguous, the frequency of its overexpression in aggressive cancers still makes EZH2 an

attractive chemotherapeutic target [228, 262-264].

With the historical knowledge of EZH2’s role in oncogenesis, we hypothesized that EZH2
inhibition will result in gene expressional and phenotypic changes sufficient to act as a viable

chemotherapeutic modality. The objective of this research project was to determine the efficacy
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EZH2 inhibition in an OPSCC model in vitro utilizing three EZH2 pathway inhibitors currently
in the preclinical stage of their development. We aimed to compare and contrast any effects HPV
status would have on drug efficacy and gene expression, given the differences HPV-positive
status has on the cancer epigenome [126, 127]. We designed the experiment to observe the
expressional changes of nine frequently altered oncogenes or tumor suppressors in OPSCC
including: EGFR, MET, CDKN2A4, CCNDI, MKI67, PIK3CA, PTEN, EZH?2, as well as two
OPSCC stem cell markers ALDHI1AI, and CD44 [136, 173, 178, 417].

The three EZH2 pathway inhibitors utilized in this study are GSK-343, EPZ-5687, and DZNeP,
all of which have previously shown their ability to inhibit EZH2 in various cancer types. GSK-
343 and EPZ-5687 are two novel SAM-competitive inhibitors of EZH2; early literature suggests
these agents to provide much more specified inhibition of EZH2, but is relative limited given
their infancy [380, 385, 398]. DZNeP, an older SAH hydrolase inhibitor, was also utilized in this
study and provides well established evidence of its efficacy in multiple cancer variants, despite
its global inhibitory effects on histone methyltransferases [386]. This study provides the first
documented evidence of these epigenetic inhibitors usage in HPV-positive and HPV-negative
OPSCC models and aims to further the knowledge of EZH2’s viability as a chemotherapeutic
target.
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CHAPTER 3

MATERIALS AND METHODS
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3.1 CELL CULTURES AND DRUG TREATMENT PROTOCOL

3.1.1 CELL CULTURE

Cell culture work and other protocols requiring sterile environments for reduction of bacterial
contamination were performed in a Class II biological safety cabinet (cat: NU-425-400, Nuaire).
Preparation of the biological safety cabinet (hood) involved liberal coating the walls and any
exposed regions of instrumentation entering the hood with a spray bottle containing 70%
isopropanol. Any pipet tips used in the hood were kept in sealed in original packaging with the
outside sprayed with 70% isopropanol. Packaging was opened inside the hood. Autoclaved glass
pipette tips were used for aspiration of liquids. If autoclave was unavailable, glass pipette tips
were sprayed with 70% isopropanol and allowed to dry in the hood for 5 minutes before use.
Waste media was collected in a 4L Erlenmeyer flask and treated with approximately 200mL
7.4% bleach (Clorox) for a minimum of 1 hour before being discarded. Isotemp general purpose
water bath (cat: FSGPDO0S5, ThermoFisher) was utilized for the purposes of warming media or
rapid thawing or reagents. The water bath contained SL of H20 purified via Milli-Q A10
Advantage system (EMD Millipore) utilizing a 0.22um filter supplemented with 10mL
Aquaguard-2 (cat: 01-916-1E, BI Biological Industries) with a maintained temperature of 37°C.
All cell lines were cultured in sterile incubators (cat: 3403, ThermoFisher or cat: MCO-5AC-PA,
Panasonic) with environmental conditions of 37°C and 5% CO2. Routine cleaning of incubators
and water bath was targeted at a frequency of once per month. Cleaning entailed the removal of
any trays, racks, dishes, and recommended small parts (per manual instructions) which were
transferred to the hood. 70% isopropanol was liberally sprayed on all removed parts as well as
the interior of incubators and wiped down with paper towel. All sprayed components were wiped

again with new dry paper towel to ensure all isopropanol was removed prior to re-assembly.

3.1.2 THAWING CELL LINES FROM FROZEN

SCC-9 is a HPV-negative tongue squamous cell carcinomas established from a 25 year old male

in 1981 by Rheinwald and Beckett [418]. UM-SCC cell lines (SCC-1, SCC-47, SCC-104) were
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developed by Dr. Carey and colleagues at the University of Michigan from Head and Neck
cancer patients. SCC-1 is a HPV-negative floor of mouth tumor established from a male. SCC-47
and SCC-104 are HPV 16-positive cancers established from the lateral tongue tumor established
from a male and a recurrent oral cavity tumor of a 56-year old male, respectively [419]. Cell
lines stored in 1.8mL Nunc Cryotube Vials (cat: 375418, ThermoScientific) were extracted from
liquid nitrogen wearing insulated gloves and rapidly thawed in a 37°C water bath until no ice
formation was visible. Cells were transferred to a labeled 15mL centrifuge tube (cat: 430055,
Corning) and 10mL of appropriate culture media (see section 3.1.3) was added dropwise. Tubes
were spun at 1500rpm (approximately 500xg) for 7 minutes. Media was aspirated and cells were
resuspended in 10mL of appropriate cell culture media. Resuspended cells were transferred to

labeled 10cm BioLite culture dishes (cat: 130182, ThermoScientific).

3.1.3 CELL CULTURING AND SUBCULTURING

SCC-9 cell lines were cultured in DMEM + F12 HAMS medium (cat: D6421, Sigma-Aldrich)
supplemented with 10% fetal bovine serum (FBS) (cat: F1051, Sigma-Aldrich), 0.5% sodium
pyruvate (cat: 11360-070, Gibco), 1% Antibiotic-Antimycotic (cat: 15240-062, Gibco), and 2mg
Hydrocortisone (dissolved in DMEM + F12 HAMS using 0.22uM MCE filter; cat:H0396,
Sigma-Aldrich). SCC-1, UM-SCC-47, SCC-104 cell lines were cultured in DMEM high glucose
medium (cat: 11965-092, Gibco) supplemented with 10% FBS (cat: F1051, Sigma-Aldrich), 1%
non-essential amino acids (cat: 11140-050, Gibco), and 1% Penicillin-Streptomycin Solution
(cat: SV30010, ThermoScientific). Media was stored at 4°C and heated in a 37°C water bath for
1 hour prior to use with cell cultures. Changing of the media involved aspiration of old media
with a glass pipette tip and the addition of 10mL of appropriate media per 10cm dish. Media
changes were performed every 2-3 days. Cells were routinely subcultured once every 7 days with
cell quantities seeded into three “maintenance dishes” containing approximately 25% of original
cell quantity. Routine subculturing was performed by first aspirating old media and washing cells
twice with 10mL of phosphate buffered saline (PBS) pH 7.4 (cat: 10010-023, Gibco). Aspiration
of PBS was performed after each wash. To suspend adherent nature of cells, ImL of 0.25 %

Trypsin/EDTA (cat: 25200-056, Gibco) was added to the 10cm dish. The dish was swirled in a
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circular motion to ensure adequate coverage of all cells. Cells were incubated in sterile
incubators with 0.25% Trypsin/EDTA at variable times depending on cell line. SCC-1 and SCC-
9 cell lines required incubation times of 5-7 minutes and SCC-47 and SCC-104 cell lines
required incubation times of 12-15 minutes. Confirmation of non-adherence was performed prior
to completion of subculturing protocol via brief shaking of the 10cm dish containing cells. Cells
were considered non-adherent if white “film” of cells was visibly mobile during shaking. Non-
adherent cells were lifted from the 10cm dish using 7mL of fresh media. Pipetting up and down
was repeated until no visible patches were apparent on the dish and no cell clumping was visible.
2mL of lifted cells were added per labeled 10cm dish containing 8mL of fresh media. Swirling of
media and newly added cells was performed in a clockwise and counterclockwise motion for a
total of 30 seconds. Labeled dishes included cell line name, passage number (n+1), and date of
subculture. Cells were stored in sterile incubators. Trypsinization of cells into 6-well (3.5cm)
culture plates (cat: C153477P, eppendorf) procedure was functionally equivalent until the end
step of transferring trypsinized cells into new culture plates. A cell seeding density of a complete
6-well culture plate was considered to be functionally equivalent to that of a single 10cm culture
dish. Seeding density values were established according to ThermoFisher recommendations
[420]. A seeding density of 25% of original cell quantity is maintained. Functionally, cells were
lifted using 7mL of fresh media and 2mL of cells were added to 10mL of fresh media. Dilution
steps varied based on number of plates required. 2mL of diluted cells were added to each well of
a 6-well culture plate. Dilution was either performed in a 15mL or 50mL conical tube (cat:

430290, Corning) containing desired amount of appropriate media.

3.1.4 FREEZING CELLS FROM CULTURE

Cells were harvested at logarithmic growth (approximately 48 hours following subculture) and
subjected to the trypsinization protocol described in 3.1.3. Lifted cells were transferred to a
labeled 50mL conical tube containing 10mL of fresh media. Cells were centrifuged at 1500rpm
(approximately 500xg) for 7 minutes. Media was aspirated leaving only the pellet and
resuspended in freezing media. Quantity of freezing media for resuspension dependent on

number of lifted cells and cryotubes desired. 1mL of cells were designated per cryotube.
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Freezing media used dependent on cell line: SCC-9 freezing media composed of prepared (as
described in 3.1.3) DMEM + F12 HAMS supplemented with 5% DMSO. SCC-1, SCC-47, and
SCC-104 freezing media composed of prepared (as described in 3.1.3) high glucose DMEM
supplemented with 10% DMSO. Cryotubes containing cells in freezing media were subjected to
a slow freeze in a Styrofoam enclosure at -80°C for 24 hours. Following slow freeze, cryotubes

were placed in liquid nitrogen for long term storage.

3.1.5 DRUG PREPARATION AND TREATMENT PROTOCOL

GSK-343 (cat: SML0766-5MG, Sigma-Aldrich), DZNeP (cat: S7120, Selleckchem), and EPZ-
5687 (cat: S7004, Selleckchem) were received in powder form and dissolved in DMSO (cat:
D2650, Sigma-Aldrich) within the inhibitors original containers. Masses of inhibitors, as labeled
by manufacturer, were assumed to be accurate and were not formally weighed. Inhibitors were
filtered using a 0.2uM nylon membrane filter (cat: PN4433, PALL) and syringe following the
addition of DMSO. 100pL of individual inhibitors were then aliquoted into sterile 1.7mL
centrifuge tubes. Smg of EPZ-5687 was dissolved in 4.6325mL of DMSO resulting in a working
solution concentration of 2mM. 1mg of DZNeP was dissolved in 3.3475mL of DMSO for a
working solution concentration of ImM. 1mg of GSK-343 was dissolved in 1.2560mL of DMSO
for a solution concentration of 1mM. Aliquoted GSK-343 solutions were further diluted with
DMSO into a working concentration of 200uM (1:4 dilution) into separate sterile 1.7mL
centrifuge tubes per required need. Prepared inhibitors were stored at -80°C. Cells were seeded at
25% confluency in either 10 cm dishes or 6-well plates and allowed to settle and recover for 3
days. On the third day, old media was aspirated and replaced with 10mL or 2mL (respectively)
of appropriate media. Inhibitors and DMSO were added directly to plates to desired
concentrations via pipet using sterile tips with barrier (ART series, ThermoScientific). With the
exception of untreated groups, inhibitor treatments not totaling S0pL (10cm dishes) or 10pL
(individual well of a 6-well plate) were brought to desired total using DMSO, thereby
maintaining a concentration of approximately 5.0uM DMSO throughout. Inhibitors were mixed

by pipetting up and down prior to addition to plates. Cells treated with inhibitor for greater than 4
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days received fresh media and inhibitors on day 4 of treatment. Fresh media was added every

third day in maintenance cultures.

3.2 WESTERN BLOTTING

Day 7 Western blots utilizing inhibitor gradient (FIG. 4.1) as well as baseline EZH2 and
H3K27me3 (FIG. 4.2) were performed three times (n=3). Western blots measuring time of
inhibition (FIG. 4.3) were performed once (n=1).

3.2.1 WHOLE CELL LYSATE EXTRACTION AND QUANTIFICATION

Whole cell lysates were utilized in the analysis of EZH2 protein content and were obtained from
harvesting cells in 200 pL 50mM TRIS + 1% SDS pH 7.6, supplemented with 1mM
phenylmethylsulfonyl fluoride (PMSF) and 1x complete protease inhibitor (CPI) (Cat#:
11697498001 Roche). Cells were incubated on ice for 20 minutes, sheared through a 25-gauge
syringe, and centrifuged for 15 minutes at 16000xg at 4°C. 100uL of supernatant was transferred
to new centrifuge tubes and was either stored at -20°C or subjected to SDS-PAGE and Western
Blot. Quantification of cell lysates were performed using an ND-1000 Spectrophotometer and
accompanying ND-1000 v.3.3.0 software (Nanodrop Technologies, Inc). Measurements were
based from absorbance at 280nm with blanks being measured using the buffer above. An average
of 3 separate reads was used for deciding sample concentration with reader being wiped off and

washed between samples. Measurement were re-blanked following change of cell line.

3.2.2 HISTONE ENRICHMENT

Histones were enriched from cell lysates following a modified abcam histone extraction protocol
[421]. Cells were cultured and treated according to 3.1.3 and 3.1.5 in 10cm dishes or 6-well
plates depending on experiment. All steps were carried out at 4°C, on ice or with ice-cold

buffers. Media was aspirated from the dishes and the cells were washed twice with 10 ml PBS.
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Iml Triton Extraction Buffer (TEB) (1xPBS supplemented with 0.5 % Triton X-100, 2mM
PMSF and 1x CPI [Cat#: 11697498001 Roche]) was added to the dish and swirled to ensure
adequate coverage of all cells. Cells were scraped using a 3cm bladed (10cm dish) or 1.8cm
bladed (6-well plate) cell scraper (cat: 353089 and 353085, respectively, BD Falcon) and
transferred via ImL pipette to a labeled pre-chilled 1.7mL microfuge tube. Cell scrapers were
changed between cell lines and wiped clean with a Kim Wipe (cat: 34120, Kimberley-Clark)
between treatment groups. Cell membranes were lysed by end over end rotation for 10 minutes.
End over end rotation was followed by centrifugation at 650xg for 10 minutes. The supernatant
was aspirated and pellets were resuspended in 500ul TEB. TEB originally prepared in initial
steps was supplemented with an additional 2mM PMSF prior to resuspension. Resuspended
pellets were submitted to centrifugation again at 650xg for 10 minutes. The supernatant was once
again aspirated and the pellets were resuspended in either 400uL (10cm dish) or 100uL (6-well
plate) of 0.2N HCI and incubated at 4°C overnight.

3.2.3 TCA PRECIPITATION

Following incubation in 0.2N HCI, the tubes were briefly vortexed then centrifuged for 10
minutes at 6500xg and 4°C. The histone-containing supernatant was transferred via pipette to
new labeled pre-chilled 1.7mL tubes containing either 100pL (10cm dish) or 25uL (6-well plate)
of trichloroacetic acid. The tubes were vortexed briefly and incubated on ice for approximately
1.5 hours. Following incubation, tubes were submitted to centrifugation for 15 minutes at
16000xg and 4°C. The supernatant was aspirated and the pelleted protein was washed twice with
300puL acetone stored at -20°C. Washes involved tubes containing pelleted histones and acetone
being vortexed for 5 seconds and submitted to centrifugation for 5 minutes at 16000xg. Acetone
was then aspirated. Pelleted proteins were allowed to dry with acetone removed and the lid open
at room temperature for 1.5 hours. Drying times were increased as necessary until no acetone
was recognizably present via appearance and smell. Pelleted histones were either stored at -20°C

or immediately resuspended in 0.1N NaOH and subjected to SDS-PAGE and Western blot.
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3.2.4 RESUSPENSION OF HISTONES AND QUANTIFICATION

Pelleted histones were resuspended in 100uL (10cm dish) or 60-80uL (6-well plate) of 0.1N
NaOH. Given the pelleted histone slow time for resuspension, histones incubated in 0.1N NaOH
for 1.5 hours at room temperature and were spun down for 15 minutes at 16000xg. The
supernatant was transferred to a new labeled 1.7mL centrifuge tube, thereby ensuring no
remaining pellet would dissolve during the quantification process. Quantification of histones
utilized the Qubit Fluorometric Quantitation system (ThermoFisher Scientific). Quantification
reactions were prepared in a 0.5mL PCR tube (cat:321-05-051, AXYGEN) utilizing SuL sample
and 195puL reaction mixture (working reaction mixture contained 1pL protein detection reagent
and 199uL protein buffer per sample). Samples were incubated in reaction mixture for 15

minutes at room temperature prior to reading.

3.2.5 SDS-PAGE AND TRANSFER

SDS-PAGE and transfer were performed utilizing the Mini-Protean Vertical Electrophoresis Cell
with Mini Trans Blot Module and PowerPac HC power supply (cat: 1658036, BIO-RAD).
Samples were prepared for SDS-PAGE according to common Laemmli methodology. A target of
3-5ug (histones) or 15ug (whole cell lysate) of protein per well was obtained and diluted to
appropriate well volume using MilliQ. Samples were supplemented with appropriate volume of
4x Laemmli’s buffer (cat: 161-0747, BIO-RAD) + Dithiothreitol (DTT) (working solution
composed of 185uL 4x Laemmeli’s buffer in 15uL 4M DTT) and boiled for 5 minutes prior to
loading. Samples were subjected to SDS-PAGE on 12-well Mini-PROTEAN TGX 4-15%
gradient gels (cat: 456-1085, BIO-RAD) or 15-well Mini-PROTEAN TGX 4-20% gradient gels
(cat: 456-1096, BIO-RAD) in approximately 1L of running buffer (10x Tris/Glycine/SDS buffer
(cat: 161-0732, BIO-RAD) in 1L MilliQ). Molecular weight marker (cat: 161-0374, BIO-RAD)
and 4x Laemmli’s buffer mixture (5:4 Molecular weight marker to 4x Laemmli’s buffer ratio;
7.5uL per well) were run alongside treatment groups in separate wells. Gels were run at a
constant target of 0.05A for 45 minutes. Following electrophoresis, gels were transferred to the

transfer apparatus with an 8.5cm by 6cm polyvinylidene fluoride (PVDF) membrane (cat: 162-
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0177, BIO-RAD). Protein transfer was performed with constant amperage of 0.2A for 1 hour in
approximately 1L or transfer buffer (25mM Tris, 190mM glycine, and 20% methanol in MilliQ,
pH 8.3). Membranes were blocked overnight at 4°C in PBS with 0.1% Tween20 (PBST) + 5%

milk solution (rocking) following transfer.

3.2.6.1 WESTERN BLOTTING AND DETECTION: EZH2

Membranes were transferred from blocking solution to a 1:1000 dilution of anti-EZH2 primary
antibody (cat: 5246 Cell Signalling Technology) in PBST + 5% milk solution and incubated for
1 hour at ambient temperature (rocking). Primary antibody was either discarded or stored at -
20°C in a 15mL conical tube. The reuse of primary antibodies did not exceed 5 uses. Membranes
were then washed 4x in PBST and incubated in 1:5000 HRP-conjugated anti-rabbit secondary
antibody (polyclonal goat, cat: 170-6515, BIO-RAD) for 1 hour at room temperature in PBST +
5 % milk (rocking). Washes were performed by the addition of approximately 15mL of PBST,
swirling for 30 seconds by hand, and discarding PBST. Following incubation, membranes were
washed 8x with PBST via alternating previous washing methodology and mechanical rocking for
5 minutes. Membranes were then transferred protein side down to a clean, flat surface containing
350pL Amersham ECL Western Blotting Detection Reagents kit (cat: RPN2106, GE Healthcare)
or Amersham ECL Prime Western Blotting Detection Reagent kit (cat: RPN2236, GE
Healthcare) to reveal chemiluminescence. Membranes were manipulated to ensure coverage on
the entire surface and incubated 2 minutes. Membranes were wrapped in saran-wrap and affixed
via tape to a film cassette. Film (Fugifilm Medical XRAY Film Super RX) was applied to the
membrane for variable time durations and developed. Once films were developed, membranes
were washed 3x with hot water, stained with Coomassie blue (0.1% Coomassie Brilliante Blue
R-250, 45% methanol, and 10% acetic acid in MilliQ) for 20 seconds, and washed an additional
3x with hot water. Membranes were dabbed gently with Kim Wipes to remove excess water and

further dried in paper towel overnight at ambient room temperature.

3.2.6.2 WESTERN BLOTTING AND DETECTION: H3K27ME3
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Membranes were transferred from blocking solution to a 1:1000 dilution of anti-H3K27me3
primary antibody (monoclonal mouse, cat: ab6002, abcam) in PBST + 3% milk solution and
incubated for 1 hour at ambient temperature (rocking). Primary antibody was either discarded or
stored at -20°C in a 15mL conical tube. The reuse of primary antibodies did not exceed 5 uses.
Membranes were then washed 4x in PBST and incubated in 1:5000 HRP-conjugated anti-mouse
secondary antibody (polyclonal donkey, cat: 170-5047, BIO-RAD) for 1 hour at room
temperature in PBST + 5 % milk (rocking). Washes, detection, exposure, and membrane staining

were performed as previous (see section 3.2.6.1).

3.2.7 QUANTIFICATION AND ANALYSIS

Quantification of Western Blots was performed using ImageJ (v. 1.51j8 bundled with Java v.
1.8.0 112 National Institutes of Health) on scans of exposed films and Coomassie-stained PVDF
membranes. Scans were performed at 600DPI using an EPSON XP-610 All-In-One Printer
(C11CD31201 Epson). Scans with lowest exposure while maintaining visible band
differentiation were chosen for quantification. Values were calculated according to mean grey
value of band and standardized via subtraction of nearby background. Grey value of standardized
blots were normalized through division by a common, standardized Coomassie-stained band.
Quantification area was maintained between band and subtracted background. Ratios were
obtained by dividing treatment group values by either the highest expression values or DMSO-

only values.

3.3 DROPLET DIGITAL POLYMERASE CHAIN REACTION

ddPCR gene expression analysis (FIG. 4) was performed twice (n=2).

3.3.1 RNA EXTRACTION AND PURIFICATION
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Cells were cultured and treated according to 3.1.3 and 3.1.5 in 6-well cell culture plates for 7
days. On day of harvest, media was aspirated cells were washed 3 times with 2mL PBS. Cells
were scraped using a 1.8cm bladed cell scraper in 300uL RNA Later and transferred via 1mL
pipette to a labeled 1.7mL microfuge tube. Cell scrapers were changed between cell lines and
cleaned with a hydrogen peroxide-based surface cleaner (cat: ACCDISRI1-TB, Viroxaccel),
distilled H20, and dried with a Kim Wipe between treatment groups. Cells were vortexed briefly
and 20uL of sample was transferred to a new to a labeled 1.7mL microfuge tube. RNA
purification was performed using the RNeasy Plus Mini Kit (cat: 74134, Qiagen). The 20uL of
sample was lysed in 350uL Bufffer RLT + 40mM dTT and transferred to the QIAshredder (cat:
79656, Qiagen) spin column. Samples in QIA shredder spin column were centrifuged for 30
seconds at 8000xg. The supernatant was loaded onto a gDNA Eliminator mini Spin Column and
centrifuged for 30 seconds at 8000xg. An equal volume (375uL) of 70 % ethanol was added to
the flow through, mixed by pipetting, and 700uL of the mixture was transferred to an RNeasy
Mini spin column. The RNeasy Mini spin column was centrifuged for 15 seconds at 8000xg and
the supernatant was aspirated. Given the limited capacity of the RNeasy Mini spin column, this
step was repeated with the remaining supernatant/70% EtOH mixture. Following RNA binding,
700pL of Buffer RW1 was added to the RNeasy Mini spin column and samples were centrifuged
for 15 seconds at 8000xg. The supernatant was aspirated and the RNeasy Mini spin column was
washed twice with 500uL Buffer RPE supplemented with EtOH (44mL anhydrous ethanol added
to 11mL stock solution as per manufacturer’s instructions) with supernatant aspirated between
washes. The membrane containing bound RNA was transferred to a new 2mL collection tube
and dried via centrifugation at 16000xg for 1 minute. The membrane was transferred to a new
1.7mL microfuge tube and the RNA was eluted with 60uL. RNase free H20. Eluted RNA was
transferred to new labeled 0.5mL PCR tubes and stored at -20°C.

3.3.2 QUANTIFICATION OF RNA

Quantification of RNA utilized the Qubit Fluorometric Quantitation system. Quantification
reactions were prepared in a 0.5mL PCR tube utilizing 2pL sample and 198uL reaction mixture

(working reaction mixture contained 1pL RNA detection reagent and 199uL. RNA buffer per
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sample). Samples were incubated in reaction mixture for 4 minutes at room temperature prior to

reading.

3.3.3 CDNA SYNTHESIS

Reactions were prepared in 0.2mL PCR tubes (cat: 321-02-051, AXYGEN) with a target of 40-
80ng of RNA utilized per 20uL reaction. Per the manufacturer’s protocol, 4uL (20%) iScriptTM
Reverse Transcription Supermix for RT-qPCR (BIO-RAD) was used per reaction. Nuclease-free
H20 was used to bring samples to 20uL. cDNA reactions were performed in a C1000 Touch
Thermal Cycler (cat: 185-1197, BIO-RAD) using the following parameters: Step 1) 25°C for 5
minutes, Step 2) 42°C for 30 seconds, Step 3) 85°C for 5 minutes and Step 4) 4°C infinite hold.
All steps had a ramp rate of 3°C/second. Following the thermocycling reaction, transferred to
0.5mL PCR tubes where the cDNA was diluted with 0.125mM EDTA to a working
concentration of 1 ng/ul. Diluted cDNA was either stored at -20°C or used directly for ddPCR.

3.3.4 REACTION FORMATION AND DROPLET SYNTHESIS

ddPCR reactions were set up and thermocycled in a twin.tec 96-well PCR plate (cat: 951020362,
eppendorf). Reactions were set up following the manufacturer’s protocols using 12ul/reaction of
2x ddPCR Supermix for Probes (No dUTP) (BIO-RAD), 1.2ul/reaction of 20x target
primers/probe (FAM or HEX, BIO-RAD), 1.2uL/reaction 20x reference primers/probe (FAM or
HEX, BIO-RAD), 2.4uL. ¢cDNA (at 1 ng/uL) and 7.2uL. H2O. Primers/probes utilized are as
follows: EGFR (unique assay ID: dHsaCPES5038080/dHsaCPE5038081 BIO-RAD), TP53
(unique assay ID: dHsaCPE5037520/dHsaCPES5037521 BIO-RAD), MKI67 (unique assay ID:
dHsaCPE5050322/dHsaCPES050323  BIO-RAD), CDKN2A  (unique  assay ID:
dHsaCPE5045104/dHsaCPES5045105 BIO-RAD), CCNDI1 (unique assay ID:
dHsaCPE5051730/dHsaCPE5051731 BIO-RAD), MET (unique assay ID:
dHsaCPE5034172/dHsaCPE5034173 BIO-RAD), PTEN (unique assay ID:
dHsaCPE5030136/dHsaCPES030137  BIO-RAD), PIK3CA  (unique  assay ID:

dHsaCPE5058352/dHsaCPES058353 BIO-RAD), EZH2 (unique assay ID:
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dHsaCPE5034224/dHsaCPES034225 BIO-RAD), EEF2 (unique assay ID:
dHsaCPE5050048/dHsaCPES050049  BIO-RAD), ALDHI1Al  (unique assay ID:
dHsaCPE5056918/dHsaCPE5056919  BIO-RAD), and CD44 (unique assay ID:
dHsaCPE5051600/dHsaCPE5051601 BIO-RAD). Where an internal reference for gene
expression was required, human EEF2 primers/probe were used. GAPDH primers/probe (unique
assay ID: dHsaCPE5031596/dHsaCPES5031597 BIO-RAD) were utilized as a secondary internal
reference and compared to EEF2 values against a probe with known trends, EGFR. When set up,
reactions were mixed 3 times in a Mixmate Vortex Shaker (eppendorf) and 20uL of the reaction
mixture was transferred to DG8TM Cartridge for QX200/QX100 Droplet Generator (cat:186-
4008, BIO-RAD) followed by 70uL of Droplet Generation Oil for Probes (cat: 186-3005, BIO-
RAD) into the oil wells, according to the QX200 Droplet Generator Instruction Manual (cat:
10031907 BIO-RAD). Droplet generation was carried out using the QX200TM Droplet
Generator (cat: 186-4002, BIO-RAD) and 40uL of the reaction was transferred to wells of a new
96-well PCR plate. When complete plates were sealed using a pierceable foil heat seal cover
(cat: 1814040, BIO-RAD) and the PX1TM PCR Plate Sealer (cat: 181-4000, BIO-RAD) as per
manufacturer’s instructions. When sealed, plates were transferred to the thermal cycler and the
reactions were carried out using the following parameters: Step 1) 95°C for 10 minutes, Step 2)
94°C for 30 seconds and 60°C for 1 minute (Step 2 repeat 39 times for a total of 40), Step 3)
98°C for 10 minutes and Step 4) 4°C infinite hold. All steps had a ramp rate of 3°C/second.
Following thermocycling, the reactions were read in the QX200 Droplet Reader QX200 Droplet
Reader (cat: 186-4003, BIO-RAD) and the RNA targets were quantified using the
QuantaSoftTM Software (BIO-RAD).

3.3.5 ANALYSIS

Reactions were read in the QX200 Droplet Reader and the RNA targets were quantified using
the QuantaSoft Software (BIO-RAD). If QuantaSoft software was unable to accurately quantify
sample, adjustments to amplitude discrimination were made manually. If event number was

fewer than 3000, experiment was repeated. “.CSV” files were exported from QuantaSoft
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software and graphed in Microsoft Office Excel 2010 (Microsoft). Graphs were observed for

trends relative to DMSO-treatment controls.

3.4 WOUND HEALING ASSAY

Wound healing assays (FIG. 5) were performed three times (n=3).

3.4.1 PLATE PREPARATION AND TREATMENT

With the aid of a 30cm ruler, alternating 2xred and 2xblue reference points 2mm apart spanning
2cm were made using a ultra-fine tip sharpie on the underside of individual wells of a 6-well
culture plate prior to addition of cells. Cells were cultured and seeded according to 3.1.3.
Following the recovery period, cells were either treated with various inhibitors or left untreated
depending on treatment group (see 3.1.5). 5 days following recovery, both treatment groups were

subjected to wound application.

3.4.2 WOUND APPLICATION

Wound was made 5 days following recovery period, whereby media was aspirated and cells were
washed once with PBS. PBS was aspirated and a 2 cm “wound” was made across the reference
points using a 1 mm diameter ART10 pipette tip (cat: 2139, ThermoScientific). A ruler was used
to ensure wound made followed reference points. Cells were then washed an additional two
times (as above) with PBS to remove excess cellular debris, followed by the addition of 2mL of
appropriate media and treatment. Pre-treated media was utilized to allow for efficient re-
application of treatment every 24 hours prior to photographs. Changes every 24 hours were
necessary to remove cellular debris and ensure wound clarity. Pre-treated media was made
according to 3.1.5 stored in 50mL conical tubes at 4°C. Pre-treated media was heated in a 37°C

water bath for 1 hour prior to use with cell cultures.
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3.4.3 PHOTOS AND PHOTO MANIPULATION

Digital photographs of the wound were taken at 50X magnification using the ZEISS Stemi 2000-
C Stereo Microscope mounted with AxioCam ERc5s (ZEISS) and developed using ZEN 2011
Imaging software (ZEISS). Photos were taken at twelve-hour intervals for 72 hours. Levels and
sharpness of images were corrected manually for purposes of clarity utilizing Photoshop CC

2015 (Adobe Systems).

3.5 CASPASE 3 ASSAY

Caspase 3 assays (FIG. 5) were performed at n=8.

3.5.1 CELL SEEDING, TREATMENT, AND LYSIS

Cells were cultured and treated according to 3.1.3 and 3.1.5 in a Corning flat-bottom 96-well cell
culture plates (cat: 07-200-588, ThermoFisher Scientific) at a seeding density of 7500 cells per
well. Treatment with inhibitor occurred over 48 hours. Staurosporine treatment group remained
untreated until time of harvest, where 1.0uM staurosporine (cat:S4400, Sigma-Aldrich) was
added, incubated at 37°C for 4 hours, and subjected to the same protocol as other treatment
groups. Protocol and reagents utilized were from the Caspase 3 Assay Kit (cat: ab39383, abcam).
All steps were performed at 4°C or on ice unless stated otherwise. Following treatment, 96-well
plate was centrifuged for 2 minutes at 2000xg where media was aspirated and 50uL of lysis
buffer was added. Cells in lysis buffer were incubated on ice for 10 minutes and transferred to -

80°C for storage.

3.5.2 CELL STAINING AND READING

Protocol and reagents utilized were from the Caspase 3 Assay Kit (cat: ab39383, abcam). All
steps were performed on ice unless stated otherwise. Cells stored in -80°C were thawed on ice

for 10 minutes before proceeding with the remainder of assay. 50 puL of a prepared 2x Reaction
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Buffer containing 1.0uM dTT was added to individual wells followed by SuL of ImM DEVD-
AFC substrate. Following addition of the Reaction Buffer and DEVD-AFC substrate, the 96-well
plate was shaken at 3000rpm for 30 seconds and centrifuged for 30 seconds at 1500xg. Lysed
cells were then incubated at 37°C for 2 hours and read at 400nm+/-20nm emission and 505nm
+/-20nm excitation wavelengths using the Cytation 5 Hybrid Multi-Mode Reader and Gen5™
Software (BioTek).

3.5.3 STATISTICAL ANALYSIS

Due to the investigation of multiple scenarios and an expectation of a non-normal distribution of
outcome variables, only nonparametric analyses were applied. Tests were applied to individual
cell lines. Within-subjects design dictated a Friedman’s Test to be utilized to look for equal
medians between groups. All test values yielded a significant difference (p<0.05) whereby a Sign
Test was applied with a Bonferroni correction conservatively for post hoc analysis. Sign Test
comparisons were made versus non-treatment groups or versus DMSO treatment groups. All p-
values derived from the Sign Test were multiplied by 5. All p-values were two-sided and
statistical significance was determined with p<0.05. Statistical analysis was performed using

Stata 13 MP (Stata 2013).
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CHAPTER 4

RESULTS
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4.1 DRUG EFFECTS ON H3K27ME3 LEVELS VARY BETWEEN CELL LINE’S HPV
STATUS

To determine the individual drug efficacy of EZH2 inhibition, western blot analysis was utilized
to detect changes in the levels of the EZH2 catalysis product, H3K27me3. This was performed

on individual cell lines with an anti-H3K27me3 monoclonal antibody (FIG. 1).

Treatment with GSK-343 displayed a clear reduction of H3K27me3 that was consistent in all cell
lines (FIG. 1). In contrast, inspection of western blots shows clear differences in H3K27me3
reduction based on HPV status in the SAH-hydrolase inhibitor DZNeP treated cells. Analysis of
the western blots show DZNeP-treated cell lines have a reduction of H3K27me3 only present in
HPV-negative cell line SCC-1 , while HPV-negative SCC-9 and HPV-positive cell lines (SCC-
47 and SCC-104) appear have H3K27me3 levels comparable to untreated or DMSO only-treated
cells. This reduction in H3K27me3 is also not as dramatic when compared to GSK-343-treated
cell lines (FIG. 1C-D). Treatment with the other SAM-competitive inhibitor, EPZ-5687, resulted
in no apparent demethylation in any cell lines, with H3K27me3 levels comparable to DMSO or

untreated cells.
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FIG. 4.1 Drug effects on H3K27me3 levels vary between cell line’s HPV status.



Left: Western Blot analysis of H3K27me3 following 7-day treatments with GSK-343, DZNeP,
or EPZ-5687. Coomassie blue staining (shown below western blot) utilized as loading control.
Right: Quantification of Western blot to left of graph based on fold differences to DMSO-treated

cells.

4.2 H3K27ME3 BASELINE VARIES BETWEEN CELL LINES, WITH INHIBITOR
EFFECTS ON METHYLATION STATUS OCCURRING AS EARLY AS 48 HOURS POST
TREATMENT

To compare the baseline protein levels of EZH2 and H3K27me3 in individual cell lines, western
blot analysis was performed utilizing either an anti-EZH2 or anti-H3K27me3 antibody (FIG.
4.2). Both baseline EZH2 and H3K27me3 status showed clear variability between individual cell
lines. However, this variability appears to contradict what one would expect, that being higher
EZH?2 levels would result in higher levels of H3K27me3 [422]. HPV-negative SCC-9 is the
caveat to this, as it displays the lowest amount of EZH2 and H3K27me3 expression relative to
other cell lines. HPV-positive SCC-104 displayed moderately elevated levels of H3K27me3,
while its EZH2 expression displays the highest amount of EZH?2 relative to the other cell lines
utilized. SCC-1 and SCC-47 show the highest levels of H3K27me3 relative to the other cell
lines; however, HPV-positive SCC-47 displays low EZH2 expression and HPV-negative SCC-1
displays high EZH2 expression.

The timeline of drug effect was determined via western blotting analysis utilizing an anti-
H3K27me3 monoclonal antibody as above. Cell lines were treated with midline concentrations
of GSK-343, DZNeP, or EPZ-5687 (FIG. 3). Endpoint (168 hours) western blotting results
remained consistent with the results presented in FIG. 1. All GSK-343-treated cell lines
displayed decreased H3K27me3. DZNeP-treated cell lines displayed decreased H3K27me3 in
HPV-negative SCC-1 cell line. EPZ-5687-treated cell lines displayed no change in H3K27me3.
GSK-343-treated cell lines displayed the most immediate drug effects in all cell lines, with
demethylation occurring between 24 and 48 hours post treatment and maximum H3K27me3

reduction occurring at 96 hours post treatment. DZNeP-treated SCC-1 displayed demethylating
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effects later than GSK-343-treated cell lines, with demethylation first appearing between 48 and
72 hours post treatment and maximum H3K27me3 reduction at 144 hours post treatment. Again,
EPZ-5687 had no appreciable reduction in H3K27me3, with levels remaining comparable to
DMSO or untreated cells. There are apparent reductions in H3K27me3 levels at 120 hours and
144 hours in DZNeP and EPZ-5687-treated SCC47 cells. However, when observing drug effect
timeline patterns observed in other cell lines, combined with 7 day post-treatment H3K27me3
levels returning to repeatable levels, these reductions are most likely the result of random artefact

and not drug effect.
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FIG. 4.2 EZH2 and H3K27me3 baseline varies between cell lines.

Left: Western Blot analysis of baseline EZH2 and H3K27me3 within individual cell lines.
Coomassie blue staining (shown below western blot) utilized as loading control. Right:
Quantification of Western blot to left of graph based on fold differences to highest expressing
cell line (EZH2 values versus SCC-104 expression, H3K27me3 values versus SCC-104

expression.
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FIG. 4.3 H3K27me3 baseline varies between cell lines, with inhibitor effects on methylation

status occurring as early as 48 hours post treatment.

Left: Western Blot analysis of H3K27me3. Coomassie blue staining (shown below western blot)
utilized as loading control. Cells were harvested and subjected to Western Blot analysis of

H3K27me3 in 24 hour intervals from 24 hours to 168 hours (1-7 days) following the addition of
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an inhibitor (0.5uM GSK-343, 1.0uM DZNeP, or 5.0uM EPZ-5687) at hour 0. Right:
Quantification of Western blot to left of graph based on fold differences to DMSO-treated cells.

4.3 TREATMENT WITH INHIBITORS VARIABLY ALTERS GENE EXPRESSION IN ALL
CELL LINES

Numerous gene products have been shown to have direct oncogenic properties, or have shown a
high degree of correlation in OPSCC. Using ddPCR in conjunction with reverse transcriptase
PCR (RT PCR), a selection of 11 different genes (EGFR, TP53, MKI67, CDKN2A, CCNDI,
MET, PIK3CA, PTEN, EZH2, ALDH1A1, and CD44) frequently associated with HPV-positive
and negative OPSCC were quantified for expressional changes against an internal normalization
control EEF2 (FIG. 3). Reported results were noted according to differences and trends that
deviated from DMSO-treated cells in both runs.

GSK-343-treated cell lines displayed only moderate changes in gene expression of targeted
genes. A discriminatory trend based on HPV status was also identified. Of the observable
changes, HPV-positive SCC-47s and SCC-104s showed an upward trend of CCND1 expression
following treatment with increasing GSK-343 concentrations. Of the HPV-negative cell lines,
only SCC-1 showed a slight decreasing trend in TP53 expression following treatment with
increasing concentrations of GSK-343. SCC-9 showed no clear changes following treatment with

GSK-343.

Treatment with DZNeP displayed the greatest variability and overall amount of expressional
changes within the cell lines relative to GSK-343 and EPZ-5687. A slight discriminatory trend
based on HPV status was also identified. HPV-positive SCC-47 and SCC-104 both displayed a
downward trend in EGFR expression with increasing DZNeP concentrations. SCC-47 also
showed slightly elevated TP53 that increased with increasing DZNeP concentrations and SCC-
104 showed static decreases in CCND1, MET, CD44, EZH2, and PTEN:PIK3CA following
treatment with DZNeP. The HPV-negative cell line SCC-1 displayed an upward trend of
increasing EGFR and TP53, slight increases in MET and CDKN2A, and an increase in MKI167

that followed a downward trend with increasing DZNeP concentration. SCC-1 cells also saw a
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static decrease in CCNDI1 following treatment with DZNeP. HPV-negative SCC-9 cells
displayed static increases in TP53, MKI67, MET, CCNDI, as well as a static decrease in
PTEN:PIK3CA following treatment with DZNeP.

EPZ-5687-treated cell lines displayed few expressional changes in both HPV-positive and HPV-
negative cell lines. SCC-47 cells showed downward trend of decreased MKI67 expression, and a
slight downward trend of decreased CCNDI1 was seen in SCC-104 cells with increasing EPZ-
5687 concentration. A static increase in CDKN2A was seen in HPV-negative SCC-1 cells
following treatment with EPZ-5687.

Of note, treatment with DMSO alone altered gene expression of many target genes relative to
cells that remained untreated. The most dramatic of these changes were seen in the HPV-positive
cell lines (SCC-47 and SCC-104). DMSO-treated SCC-47 cells showed an increased expression
in target gene markers EGFR, TP53, MKI67, CDKN2A, CCNDI1, MET, and EZH2 while
PTEN:PIK3CA, CD44, and ALDHI1A1 expression remained comparable to untreated cell lines.
DMSO-treated SCC-104 cells displayed an increase in target genes EGFR, TP53, MKI67,
CDKN2A, MET, PIK3CA, PTEN, EZH2, ALDHIAI1, and CD44. CCNDI1 expression had
decreased following treatment with DMSO. HPV-negative SCC-1 cells showed increased
expression in TP53, CDKN2A, CCNDI, PTEN:PIK3CA, and decreased levels of CD44
following treatment with DMSO alone. SCC-9 cells showed no appreciable changes following
treatment with DMSO.
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FIG. 4.4 Treatment with inhibitors variably alters gene expression in all cell lines.

Droplet digital PCR analysis of expressional ratios of 9 target genes (EGFR, TP53, MKI167,
CDKN2A, CCNDI1, MET, PTEN, PIK3CA, EZH2, ALDH1A1, and CD44) following 7-day
treatment with GSK-343, DZNeP, or EPZ-5687. EEF2 was utilized as an internal reference, with
exception to PTEN:PIK3CA as their gene products are directly antagonistic to one another.
Scales vary according to individual expression results. SCC-9 cell line does not express
CDKN2A and is therefore not pictured. Lane 1: No treatment, Lane 2: 5.00uM DMSO, 3:
0.10uM GSK-343, Lane 4: 0.25uM GSK-343, Lane 5: 0.50uM GSK-343, Lane 6: 1.00 uM
GSK-343, Lane 7: 0.25uM DZNeP, Lane 8: 0.50uM DZNeP, Lane 9: 1.00uM DZNeP, Lane 10:
2.50uM DZNeP, Lane 11: 0.50uM EPZ-5687, Lane 12: 1.0uM EPZ-5687, Lane 13: 5.00uM
EPZ-5687, Lane 14: 10.00uM EPZ-5687.

4.4 TREATMENT WITH DZNEP DISPLAYS ANTI-PROLIFERATIVE CHARACTERISTICS

To determine anti-proliferative effects of the inhibitors, as well as establish an approximate
timeline of said effects, wound-healing assays were performed with drug application made at two
separate time points. The first time point included the addition of the inhibitors on the same day
the wound was made (FIG. 4A). The second time point included the addition of inhibitors 5 days
prior to the wound being made (FIG. 4B). Of note, SCC-9 cell lines include a transformed
fibroblast feeder layer with variably dispersed tumour foci [29]. Due to the nature of the SCC-9
cell line, observed behaviour is likely more representative of this fibroblast layer rather than

cancerous cells.

Wounds made on the same day as treatment (FIG. 4A) had closed by 72 hours with no evidence
of drug effects on cell proliferation. DZNeP-treated SCC-104 cells initially appear to contradict
this statement, as wounds remained open after the 72 hour period. The self-adherent properties of
the cell line can be attributed to this result, as the observed rate of cell proliferation in the same
day treated cells far exceeded cells pre-treated with DZNeP 5 days prior to wound being made
(FIG. 4B). SCC-47 cells with treatment made on the same day as wound had closed by 24 hours.

DMSO and EPZ-5687-treated cells wound remained open for a longer duration relative to other

75



treatments (Not shown; untreated, GSK-343, and DZNeP-treated cell lines had all closed by 12
hours). This difference can most likely be attributed to the slightly larger wound margin, as 5 day
DMSO and EPZ-5687 pre-treated cells had closed by a comparable timeline to the untreated
cells (FIG. 4.5). These results are comparable to treated SCC-1 cell lines (FIG. 4.5B), with all
but the untreated group closing by 36 hours (not shown). The results of untreated SCC-1 cells
can also be attributed to a wider wound margin, as their 5 day “pre-treated” counterparts close at

an earlier time point of 48 hours (not shown).

All cell lines treated with DZNeP 5 days prior to wound being made (FIG. 4B) displayed clear
differences relative to those made on the same day (FIG. 4A), with wounds remaining open after
72 hours in SCC-104, SCC-1, and SCC-9 cells. DZNeP-treated SCC-47 cells had also displayed
decreased proliferation; however, wound closure occurred between 24 hours and 36 hours (not
shown). GSK-343-treated SCC-1 cells had impartial wound closure after 72 hours, suggesting
slight anti-proliferative properties. All other cell lines had complete wound closure by 72 hours.
All EPZ-5687-treated cell lines wounds had complete wound closure by 72 hours with timelines
comparable to DMSO alone. DMSO appeared to display antiproliferative properties in the SCC-
1 cells, with wound closure occurring at a later time point (not shown; between 48 and 60 hours)

than the untreated group (between 36 and 48 hours).
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FIG. 4.5 Treatment with DZNeP displays anti-proliferative characteristics.

Wound healing assay 0 hours to 72 hour timeline with Row 1: No treatment, Row 2: 5.00uM
DMSO, Row 3: 0.50uM GSK-343, Row 4: 1.00uM DZNeP, or Row 5: 5.00uM EPZ-5687.



Images taken at 0 hours and 72 hours. A. Wound made same time as treatment with inhibitor. B.

Wound made 5 days following treatment with inhibitor.

4.5 TREATMENT WITH DZNEP INDUCES APOPTOSIS

To determine if treatment with inhibitors induces apoptosis, activated caspase 3 measurements
were taken following 48 hours post-treatment and results were compared against untreated
groups or DMSO-treated groups. There was no significant difference between untreated and
DMSO-treated groups (p=0.3515, 5.000, 1.4455, and 3.633 for SCC-1, SCC-9, SCC-47, and
SCC-104, respectively). 1.0 uM staurosporine treated for 4 hours was utilized as a positive
control and displayed statistically significant results against both untreated and DMSO-treated
groups in all cell lines (p<0.05, all cell line p-values versus untreated groups and DMSO-treated

groups were p=0.039).

GSK-343 treatment induced statistically significant levels of apoptosis in HPV-negative cell
lines SCC-1 and SCC-9 when compared to untreated levels (p<0.05, p=0.039 for both SCC-1
and SCC-9). Statistical significance was not repeated when compared to DMSO-treated cells
(p=3.633 and 5.0000 for SCC-1 and SCC-9, respectively). No significant changes were observed
following treatment with GSK-343 in the HPV-positive cell lines (versus untreated: p=3.633 and
1.4455, for SCC-47 and SCC-104, respectively; versus DMSO-treated groups: p=1.4455 and
0.3515, for SCC-47 and SCC-104, respectively).

Treatment with DZNeP induced statistically significant levels of apoptosis in both HPV-negative
cell lines SCC-1 and SCC-9, as well as HPV-positive SCC-104 when compared to both untreated
levels (p<0.05, p=0.039 for SCC-1, SCC-9, and SCC-104, respectively) as well as DMSO-
treated groups (p<0.05, p=0.039 for SCC-1, SCC-9, and SCC-104, respectively). No statistically
significance levels of apoptosis were observed following treatment with DZNeP in HPV-
negative SCC-47 cells (p=1.4455 and 5.000 versus untreated and versus DMSO-treated groups,

respectively).

EPZ-5687 yielded inconsistent levels of apoptosis, inducing apoptosis in HPV-negative SCC-9

when compared to untreated cells (p<0.05, p=0.039), but not when compared to DMSO-treated
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cells (p=1.4455). Interestingly, EPZ-5687 appeared to be rescuing of cells from apoptosis in the
HPV-positive SCC-104 cell line when compared to DMSO-treated cells (p<0.05, p=0.039), but
not when compared to untreated cells (p=0.3515). EPZ-5687 had no apparent effect on apoptosis
in HPV-negative SCC-1 (p=1.4455 and 5.000 versus untreated and versus DMSO-treated
groups, respectively) and HPV-positive SCC-47 (p=0.3515 versus both untreated and DMSO-

treated groups).
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FIG. 4.6 Treatment with DZNeP induced apoptosis.
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Caspase 3 assay 48 hours post treatment. 1.0 uM staurosporine (positive control) group treated
for 4 hours. *: Statistically significant difference when compared to untreated groups; #:
Statistically significant difference when compared to DMSO-treated groups. p<0.05. Standard
deviation reported as error bars. 1: No treatment, 2: 5.00uM DMSO, 3: 0.50uM GSK-343, 4:
1.00uM DZNeP, 5: 5.00uM EPZ-5687, and 6: 1.0 uM staurosporine.
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This study aims to investigate the use of EZH2 inhibition as a potential chemotherapeutic target
for use in HNSCC. With the incidence of HPV-positive OPSCC rising [423, 424], the need for
targeted therapies becomes increasingly more urgent. Given the increased expression of EZH2 in
aggressive HPV-positive OPSCC phenotypes as well as other metastatic cancers, EZH2 and its
related pathways remain an attractive target for chemotherapeutic agents. Our investigation of
three epigenetic inhibitors; GSK-343, DZNeP, and EPZ-5687, suggests targeting of EZH2
pathways may be of therapeutic benefit in HNSCC. EPZ-5687 however, does not appear to be an
effective inhibitor of EZH2 in HNSCC.

DZNeP has been shown by others to be effective as an anti-tumoral agent alone or when
combined with other agents [387, 395, 425]. DZNeP is one of the first known inhibitors of EZH2
and has well documented epigenetic and anti-proliferative effects [387]. Our findings further
support these properties. DZNeP is a small-molecule SAH-hydrolase inhibitor that has been
shown to act as a global HMT inhibitor [386]. When used alone as treatment, DZNeP has shown
anti-tumor activity in multiple cancer types including breast [386], brain [388], liver [390], lung
[391], and prostate [393]. Leukemia and prostate models have demonstrated DZNeP’s anti-
proliferative [392] and anti-metastatic [393] properties, respectively, and reduced tumor-
mitigated angiogenesis in a glioblastoma xenograft model [394]. Our findings suggest its
potential to decrease the expression of known HNSCC stem cell marker CD44 [177].
Unfortunately, in vivo pharmacological studies have demonstrated DZNeP to have a short half-
life [426] and high toxicity in animal models at higher concentrations (DZNeP is generally well
tolerated between 1.0 — 5.0uM) [386, 387]. However, gene expression results in our findings
display a relatively static trend in all cell lines. This would suggest epigenetic effect to occur in
concentrations lower than 0.25uM and potentially lowering cytotoxic properties of the inhibitor.
Another interesting result obtained following treatment with DZNeP is the variable H3K27me3
levels with apparent dependence on HPV status. However, expressional data suggests epigenetic
effect still remains present in all cell lines. One can speculate that this discrimination may be due
potential interactions of HPV viral proteins with DZNeP or its related pathways in combination

with DZNePs effects on histone methylation to be global rather than EZH2 specific, leaving the
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desired epigenetic effect to carry out via an alternate pathway [386]. DZNeP has shown
discriminative properties previously, inducing apoptosis in cancerous cells over normal cells

[385, 395]

GSK-343 treated cells displayed H3K27me3 reduction in all cell lines, with no apparent
resistance or sensitivity seen with application of DZNeP. The changes in gene expression as a
result of GSK-343 were only moderate relative to DZNeP, with evidence of dose-dependence
and slight discrimination based on HPV status. These moderate changes could be reflective of
the mechanism of action of GSK-343 as a SAM-competitive inhibitor of EZH2, and therefore its
increased specificity to EZH2 alone relative to DZNeP. The observed dose-dependent nature of
GSK-343 may also play a role the moderate expression results observed. Because our study had
utilized low doses of GSK-343 (0.1uM — 1.0uM), future investigations may benefit from
increased dosages from those in this investigation. Previous studies have shown GSK-343
treatments have resulted in significant epigenetic effects in breast cancer, colon cancer, and
leukemia cell lines [381], as well as inducing autophagy in hepatocellular carcinomas [382].
Additionally, treatment with GSK-343 has shown evidence of phenotypic reprogramming of
cervical cancers cell lines from mesenchymal to epithelial both in vitro and in vivo [383]. This
reprogramming observed reduced cell proliferation and motility, thereby blocking tumour
invasion to nearby tissue. Given the genomic commonalities shared between cervical and
HNSCC [427] as well as evidence of epigenetic effect seen in our study, GSK-343 remains a

promising agent for combined use with anti-proliferative therapies.

EPZ-5687 showed very little efficacy in both the ability to demethylate H3K27 or lead to desired
expressional changes of observed genes within an HNSCC model. These results are curious as
EPZ-5687 is also a SAM-competitive inhibitor of EZH2 and has shown >500-fold selectivity to
EZH2 over other human protein methylases in lymphoma models [397]. The possibility of this
discrimination could be due to EPZ-5687’s >5-fold affinity to the A677G mutant over EZH2
wildtype but is unlikely a satisfactory explanation as H3K27me3 inhibition was still present in
both variants. However, the Pfeiffer cell line utilized in Knutson and colleagues study showed a

much greater sensitivity to EPZ-5687 relative to others they had utilized [397], suggesting the
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potential of secondary factors to contribute to EPZ-5687’s efficacy of inhibition. Unfortunately,

very little published information is available on this inhibitor to identify any consistent trends.

At the transcriptional level, HPV status appeared to play a deterministic role in gene expressional
changes as a result of treatment with the EZH2 inhibitors observed. This discrimination in
expressed genes may be a result of the differential DNA methylation profiles displayed in HPV-
positive carcinomas [126, 194, 195]. Theoretically, varying methylation at promotor regions may
limit the epigenetic effects of EZH2 inhibitors, instead only reactivating genes not silenced by
DNA methylation. A study performed by Bartke and colleagues provided evidence toward the
limitations of HMT and DNMT inhibitors alone by demonstrating reduced regulation of PRC2
following DNA methylation [428]. They observed a far more complex interaction between
histone and DNA methylation statuses on transcriptional activity, involving deregulation of one
enzyme based on methylation status of DNA or histone. Therefore, desired epigenetic effects of
EZH2 inhibitors may be further enhanced by combination with DNMT inhibitors such as 5-
azacytidine. Proposed combinations such as this, of course, run the risk of increasing toxic effect.
DNA demethylating agents have traditional antiproliferative activity at high doses. 5-azacytidine,
for example, has been shown to cause neutropenia [429]. Fortunately, demethylating agents have
been shown to be generally mild at lower doses [430] and for the proposed epigenetic action, the
use of extremely low doses for both agents (EZH2 inhibitors and DNMT inhibitors) could be
utilized to avoid this antiproliferative activity. Our study further supports this notion, as
expressional changes occurred in both GSK-343 and DZNeP at low doses. ChIP-sequence
analyses performed on colon, breast and leukemia cancer cell lines by Sato and colleagues [381]
has already shown evidence for the synergistic effects of DNMT inhibitors with histone

methyltransferase inhibitors while maintaining their selectivity towards various oncogenes.

The most prominent limitation of this study is seen in the expression results following treatment
with DMSO. The majority of targeted genes in both HPV-negative SCC-1 and HPV-positive
SCC-47 and SCC-104 have displayed clear alterations in gene expression following treatment
with DMSO as compared to untreated cells. Historically, DMSO has been shown to have
multiple effects on cellular functioning [431]. Its most noteworthy trait includes its ability to

induce differentiation in malignant tumor cells at low doses, resulting in a loss of tumorigenicity
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and altered cell morphology into more mature, differentiated cells in leukemias, colon, prostate,
lung, and breast carcinomas [432-434]. The exact mechanism of DMSQO’s ability to induce
differentiation remains relatively unknown; however, a study performed by Iwatani et al suggests
DMSO impacting a cells epigenetic profile. Their study had shown the upregulation of DNA
methyltransferase Dnmt3a and alteration of genome-wide DNA methylation profiles following
the application of DMSO [435]. Contrasting results were seen in a study performed by Kita et al,
showing DMSO reducing stemness in association with decreased DNMT3A and DNMT3L
expression [436]. Regardless of the contention, genome-wide methylation changes would
theoretically be present and it is understandable why our gene target expression levels deviated
from untreated baseline levels so dramatically. Given DMSOs already widespread clinical use as
a drug vehicle and cryopreservant, as well as the limited amount of solvents available for water-
insoluble drug agents, it is an issue that will continue to persist. Additionally, there are inherent
limitations of quantifying values from film paper, as overexposure of film runs the potential of
film “reverse banding” or “photobleaching”, potentially providing lower values in the
quantification process than what is representative. The opposite is true as well, with saturated
dark values being limited to the darkening capacity of the film following reaction from silver
halide molecules [437, 438]. To minimize these issues, lower exposure times were utilized in the
quantification process. Other limitations of this study include the use of in vitro models on only 4

cell lines.

Both DZNeP and GSK-343 display potential for clinical application as adjunctive therapies in
HNSCC, potentially sensitizing tumors to current chemotherapies or limiting cell differentiation.
Previous research suggests the use of combination therapies with DNMT inhibitors could have
synergistic effects on epigenetic changes within the cell. Future experimentation warrants the use

of primary cell cultures as well as tumor xenografts models to further determine clinical efficacy.

5.1 CONCLUSIONS

In HNSCC cell culture models, the targeting of EZH2 and its related pathways appears to have

anti-tumorigenic effects which may be dependent on oncogenic HPV status. EPZ-5687 does not
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appear to be an effective inhibitor of EZH2 in both HPV positive and negative HNSCC cell

lines.
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